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Abstract 
Sequestering carbon and managing nutrients in soils are key issues in global agriculture. Understanding 
the quantities involved and the major processes of change are vital for improved utility of soils. Fertilised 
pasture soils potentially contain large pools of carbon, nitrogen and phosphorus. A knowledge of the 
amount and distribution of nutrients stored in such soils can have positive implications for sequestering 
carbon in order to mitigate anthropogenic climate change, reducing nutrient runoff and improving soil 
fertility. In this study, the soil carbon, nitrogen and phosphorus contents were determined for six fields of 
varying fertility, across two dairy farms in the Camden region of NSW. Three profiles were examined to 
100 cm depth, to investigate the distribution and nutrient forms in the different soil layers. Profiles were 
described and sampled, and samples were analysed for total carbon, total nitrogen, organic and inorganic 
phosphorus. Ancillary data such as particle size distribution and bulk densities were also measured. Total 
quantities of C, N and P and nutrient ratios were calculated for each of the fields. Results showed large 
amounts of nutrients were contained in the topsoils, and also in the deeper 30-70 cm profile layers that 
are not commonly analysed. Total carbon contents ranged between 170,184 - 292,278 kg/ha, total 
nitrogen from 11,562 - 21,780 kg/ha and total phosphorus from 1,586 - 4,035 kg/ha. Large variations were 
found between the different fertility fields, particularly in the inorganic phosphorus content where some 
soils contained a possible P surplus. An average C:N:P ratio of 192:12:1 was calculated across all soils 
sampled. This is similar to values found elsewhere for pasture soils. Well managed pasture soils were 
shown to have potential to sequester large additional amounts of carbon. It is recommend that fertiliser 
application rates be based on regular soil testing, and appropriate management strategies be developed 
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Sequestering carbon and managing nutrients in soils are key issues in global agriculture. 
Understanding the quantities involved and the major processes of change are vital for improved 
utility of soils. Fertilised pasture soils potentially contain large pools of carbon, nitrogen and 
phosphorus. A knowledge of the amount and distribution of nutrients stored in such soils can have 
positive implications for sequestering carbon in order to mitigate anthropogenic climate change, 
reducing nutrient runoff and improving soil fertility. In this study, the soil carbon, nitrogen and 
phosphorus contents were determined for six fields of varying fertility, across two dairy farms in the 
Camden region of NSW. Three profiles were examined to 100 cm depth, to investigate the 
distribution and nutrient forms in the different soil layers. Profiles were described and sampled, and 
samples were analysed for total carbon, total nitrogen, organic and inorganic phosphorus. Ancillary 
data such as particle size distribution and bulk densities were also measured. Total quantities of C, N 
and P and nutrient ratios were calculated for each of the fields. Results showed large amounts of 
nutrients were contained in the topsoils, and also in the deeper 30-70 cm profile layers that are not 
commonly analysed. Total carbon contents ranged between 170,184 - 292,278 kg/ha, total nitrogen 
from 11,562 - 21,780 kg/ha and total phosphorus from 1,586 - 4,035 kg/ha. Large variations were 
found between the different fertility fields, particularly in the inorganic phosphorus content where 
some soils contained a possible P surplus. An average C:N:P ratio of 192:12:1 was calculated across 
all soils sampled. This is similar to values found elsewhere for pasture soils. Well managed pasture 
soils were shown to have potential to sequester large additional amounts of carbon. It is 
recommended that fertiliser application rates be based on regular soil testing, and appropriate 
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The topic of carbon sequestration has received a lot of attention recently due to the growing 
concern over anthropogenic climate change and the introduction of a carbon tax by the Australian 
government. Removing CO2 from the atmosphere and storing it in soils is a potential means of 
offsetting emissions, while improving soil health and fertility through the accumulation of soil 
organic matter (SOM). In order to increase SOM, significant amounts of nutrients such as P, N and S 
must also be available (Brady and Weil 2008). The Australian dairy industry in particular, faces many 
challenges and opportunities to benefit from improved soil and nutrient management, including 
higher quality soils, higher productivity and theoretically the potential to earn tradable carbon 
credits. In order to design and implement better management strategies, knowledge of the current 
stocks of soil organic matter and nutrient content is necessary.  
1.1.The global carbon cycle 
More carbon is stored in the world's soils than in the world’s plant biomass and atmosphere 
combined (Brady and Weil 2008). The global carbon cycle (Figure 1) involves all life on Earth, with 
pathways such as photosynthesis by plants, and the burning of fossil fuels allowing for the transfer 
of carbon between the atmosphere, oceans and lakes, vegetation, and soils. 
 
Figure 1: The global carbon cycle. Carbon reservoirs are located in boxes, with annual fluxes 
indicated by arrows. The black arrows indicate pre-industrial 'natural' fluxes while red arrows 
indicate anthropogenic fluxes. Reservoir sizes are in GtC, fluxes and rates are in GtC/yr, and carbon 
content and flux data is for 1994. Source: (IPCC 2007)  
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In addition to various inorganic forms, carbon can be stored in the soil as soil organic matter (SOM). 
SOM is defined as the organic fraction of the soil exclusive of un-decayed plant and animal residues, 
and is considered synonymous with humus (Kirkby, Kirkegaard et al. 2011). Although SOM only 
constitutes a small fraction of the total soil stocks (around 1-6% by weight of typical soils), it plays an 
important role in the global carbon balance and greenhouse effect controlling climate change. 
Through the process of photosynthesis, plants harness the energy from sunlight via the carbon to 
carbon bonds of organic molecules. These organic molecules can be used as energy by the plant 
through respiration, which returns the carbon to the atmosphere as carbon dioxide.  Other organic 
material may be eaten by animals (including humans) or returned to the soil as litter, crop residues 
and root deposition. Eventually all the carbon consumed will either be returned to the atmosphere 
or the soil through bodily wastes or body tissues (Brady and Weil 2008). 
Carbon dioxide levels in the atmosphere have increased from 280 ppm before the industrial 
revolution (~1850) to 390 ppm in 2012 (NOAA 2012). Much of this increase is a result of burning 
fossil fuels, but the increase can also be attributed to a net loss of organic matter from the worlds 
soils (Brady and Weil 2008). Through the disturbance of ‘stable’ soil/plant relationships via processes 
such as vegetation clearance or an increase in animal numbers, there is a net return of soil CO2 to 
the atmosphere.  
1.2. Carbon and nutrient sequestration in soils 
Sequestering carbon in the soil is a way of removing CO2 from the atmosphere and storing it within 
the soils. Microbial metabolism within the soil is capable of producing stable organic compounds 
that may be stored in the soil for decades or centuries (Brady and Weil 2008). The potential for 
carbon sequestration is greatest on degraded lands, where current levels of carbon may represent a 
fraction of what naturally occurred. Afforestation on cleared land, switching to no-till methods of 
agriculture, and conversion to perennial vegetation are established methods of increasing the 
carbon content of soils (Havlin, Beaton et al. 1999). The amount of carbon soils can store is limited 
though, and most well managed (i.e. healthy, productive and sustainable), soils are likely to be 
saturated with carbon, with little possibility of increasing the levels (Freibauer, Rounsevell et al. 
2004). 
Apart from potentially reducing the amount of CO2 in the atmosphere, carbon sequestration 
provides added benefits to soils including: Improved soil fertility for food production (Lal 2009); 
stabilisation of soil aggregates, leading to reduced risk of water logging under moist conditions and 
minimising erosion; food for beneficial organisms; slow-release source of nutrients; increased water 
3 
 
and nutrient holding capacity; and binding of toxic cations in forms unavailable to plants (McKenzie 
2010). 
Sequestering carbon in soils relies on the availability of the elements nitrogen (N), phosphorus (P), 
and sulphur (S). These elements contribute to the stabilisation of organic carbon within soils and are 
also the likely limitations to organism growth and the eventual formation of SOM (Kirkby, Kirkegaard 
et al. 2011). In pasture soils, these essential elements are often added as fertilisers to optimise 
productivity, but the cost of fertilisers must also be taken into account in carbon sequestration 
scenarios. For example to sequester 1 tonne of C as humus requires 83 kg N, 14 kg S and 20 kg P 
(McKenzie 2010). 
1.3.The Australian situation 
Australia is obliged, under the United Nations Framework Convention on Climate Change (FCCC), to 
provide an annual inventory of greenhouse gas (GHG) emissions, as well as introducing policies and 
measures to limit GHG emissions (Eckard, Dalley et al. 2000). Agriculture in Australia contributes an 
estimated 14% of total GHG emissions, with agricultural soils accounting for around 17% of 
agricultural emissions (DCCEE 2010). Although agriculture has increased net primary productivity in 
many areas, the removal of vegetation and land cultivation has generally depleted biomass and SOM. 
The carbon lost from agricultural soils (through land conversion, deforestation, erosion, etc.) 
presents an opportunity as a potential sink, as theoretically the quantity of soil carbon lost could be 
restored. One estimate of the potential for carbon sequestration of total arable soils in Australia was 
646 Mt C, assuming a soil carbon stock of 30-60 t C/ha over 30 cm depth (Chan, Cowie et al. 2009). 
This amount is equivalent to 8.4% of Australia’s total GHG emissions over a 50 year period, which 
would halve Australian agriculture's emissions over this period, and at the current market price of 
$23/tonne be worth $14.5 billion. 
1.4.Dairy farms and knowledge gaps 
1.4.1. Dairy farms 
Pastures and soils used for dairy farming in Australia are not major sources of CO2 (McKenzie 2010). 
Although many of Australia’s soils are highly weathered and low in nutrients, dairy farms are usually 
located on the best soils in a district, in regions of relatively high rainfall and moderate temperature, 
making any further improvements to the soils difficult to achieve (McKenzie 2010). Dairy soils are 
commonly irrigated and support permanent, perennial pasture species (Eckard, Dalley et al. 2000). 
Although they vary greatly between location, soil carbon stocks tend to be higher in dairy pastures 
compared to other agricultural types. On a farm scale, the fertility of individual paddocks is likely to 
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vary though, depending on a range of factors including location, amount of fertilisers added, pasture 
type/amount and utilisation by stock. Nutrient budgeting is one accounting technique increasingly 
applied to dairy farms to measure surpluses and better manage fertiliser application, particularly 
between different paddocks on an individual farm (Gourley, Powell et al. 2007). The amounts of soil 
carbon on dairy farms have been shown to vary from 140 to 280 t C/ha in the 0-60cm zone 
(Crawford, Hirth et al. 1999).  
1.4.2. Knowledge gaps 
In a scoping paper looking at the carbon sequestration potential for Agriculture in NSW, Chan (2009) 
notes that “there is a lack of detailed information on the SOC stock in NSW agricultural soils, 
particularly in the format applicable to carbon accounting as required by the Kyoto Protocol.” Of 
particular interest is the total organic carbon in mass C per unit area to 30 cm (in t/ha over 0-30 cm 
depth). Soils tested for agricultural and commercial purposes are generally tested only to a depth of 
10 cm, and the bulk density of the soils is rarely measured (Chan, Cowie et al. 2009). Eckard et al 
(2000) also comment on the lack of information available in relation to GHG emissions and carbon 
sinks specific to dairy farming in Australia.  
A large number of factors affect the build-up of soil carbon, including climate, rainfall, vegetation, 
topography, soil properties and drainage. Due to these variations, SOC levels vary both horizontally 
and vertically down the soil profiles, on both micro and macro scales (Chan, Cowie et al. 2009). 
Previous studies (of SOC) primarily focused on the topsoil carbon stock whilst carbon dynamics in 
deeper soil layers, and driving factors behind vertical distributions of SOC remain poorly understood 
(Gill, Burke et al. 1999; Jobbagy and Jackson 2000; Meersmans, van Wesemael et al. 2009), cited in 
Yang et al. (2010). 
In NSW and more specifically the Sydney region, there is little information on the SOC levels in dairy 
farm soils, particularly at depth in a soil profile to 100 cm. Little is also known about the 
corresponding levels of nitrogen and phosphorus accumulated in the soils. 
1.5.Aims 
The main aims of this project are: 
 To quantify the amounts and identify the forms (organic/inorganic) of carbon, nitrogen and 
phosphorus on two typical dairy farms in the Sydney region, down the soil profile to 100 cm 
depth.  
 To examine the C:N:P ratios present in the pasture soils across different farms in the region, 
down the soil profile to 100 cm depth. 
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Accounting for the carbon, nitrogen and phosphorus content in this way will offer valuable 
information on how much is currently in the soils, where exactly in the profiles they are 
accumulating and how C, N and P are linked under varying conditions of intensive agricultural use. 
The results can be used to inform management decisions regarding fertiliser application, and the 
potential for increasing SOC and paddock fertility. They will also provide regional information on SOC 
levels that can be incorporated into a larger carbon accounting scheme. 
1.6. Outline of report 
Following this introduction, several aspects affecting SOC sequestration and the role of nutrients on 
dairy farms are explored in a review of the relevant literature. This provides the necessary 
background knowledge to inform the scope of the study and assist with identification of appropriate 
methods and interpretation of data. The sampling and analysis methods are then described, 
followed by the results of nutrient contents, their distribution with depth and the relationships 
between C, N and P. These results are compared and discussed with several similar studies which 
provide supporting evidence for the findings. Implications of the findings for management strategies 
and the potential for carbon sequestration are explored with suggestions for future studies and 
management provided.  
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2. Literature Review 
As noted in Section ‎1.1, the global carbon cycle is a critical environmental process that plays an 
important role in agriculture, soil and nutrient management. The processes involved in SOM 
production, carbon sequestration and nutrient cycling are explored in the following literature review. 
Methods for measuring carbon, nitrogen and phosphorus levels in soils are reviewed along with 
several similar studies. 
2.1. The cycling of carbon and soil organic matter (SOM) 
An understanding of the global carbon cycle (Figure 1) and the role of soil carbon pools is important 
in order to achieve the goals of soil management, whether they are improving soil fertility, 
increasing production or sequestering carbon. 
Soil organic matter can be categorized into certain pools, which differ in their susceptibility to 
microbial metabolism. Although analytical measurement of these pools is difficult, the physical and 
chemical fractions of soil organic matter can be measured. For example,  some plant residues such 
as sugars and starches are easily broken down by microbes, while others such as lignin and cellulose 
are more resistant (Brady and Weil 2008).  
The main three soil organic matter pools are the active, slow and passive pools (Brady and Weil 
2008). The active pool of soil organic matter consists of easily decomposed material that breaks 
down in a period of days to years. The active pool has relatively high C:N ratio of 15 - 30 and includes 
living biomass and tiny pieces of detritus. It also contains most of the available food and nutrients 
for plants, and is responsible for the structural stability that exists in productive soils. The active pool 
accounts for only 10-20% of the total soil organic matter, and can be rapidly increased or lost 
through management processes (Sierra, Harmon et al. 2011).  
The passive organic matter pool consists of more stable material that can remain in soils for 
hundreds or thousands of years. This pool accounts for 60-90% of the organic matter in most soils. It 
includes the humus protected in clay-humus complexes, and is responsible for the cation and water 
holding capabilities in soils (Sierra, Harmon et al. 2011). The slow organic matter pool consists of 
resistant components that take decades to decompose. This pool is an important source of 
mineralizable nitrogen and plant nutrients, and provides much of the underlying food source for the 
steady metabolism of microbes (Brady and Weil 2008).  
The active pool is the first to respond to positive changes in management, as it is able to increase 
rapidly through additions of plant and organic matter to the soils, while it is also the first to be 
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affected by negative changes, e.g. accounting for most of the losses of soil organic carbon when 
cultivation begins. The passive pool on the other hand is much slower to respond, with gains and 
losses occurring more gradually. In order to manage soil carbon effectively, it is necessary to 
understand what pools are affected by which management techniques. Sequestering carbon in soils 
may initially result in increases in the active pool, but for long term sequestration, increasing the 
slow and passive pools is preferable. As seen in Figure 1, the soil carbon pool plays an important role 
in the global carbon cycle, with transfers of carbon occurring between the atmospheric and plant 
carbon pools, and is affected by anthropogenic processes such as land clearing. 
 
2.2. Potential for soil carbon sequestration and anthropogenic climate 
change mitigation 
Atmospheric concentrations of CO2 have increased from 280 ppm to 390 ppm in 2012 and continue 
to increase at a rate of 1.5 ppm/yr (Lal 2004). Estimates of total global C emissions since the 
industrial revolution are 270 ± 30 Pg (Pg = petagram = 1015 g = 1 billion ton) due to the burning of 
fossil fuels and 136 ± 55 Pg due to land use change and soil cultivation. The depletion of the soil 
organic carbon pool through soil degradation, land misuse and soil mismanagement has released 78 
± 12 Pg of C into the atmosphere (Lal 2004).  The release of this carbon into the atmosphere as 
greenhouse gases has contributed to an increase in the global average surface temperature 0.6°C 
since the late 19th century, with a current warming rate of 0.17°C/decade (IPCC 2001; Lal 2004). 
In order to slow down and reverse this trend, methods for removing carbon dioxide from the 
atmosphere and storing it need to be implemented. Soil carbon sequestration involves the removal 
of CO2 from the atmosphere by plants and soil microbes, and stabilizing SOC in the soil so it remains 
there for a long period of time (Figure 1). It is possible to increase the stock of SOC through 
recommended management practices, particularly in agro-ecosystems, such as conservation tillage, 
nutrient cycling and sustainable soil management (Havlin, Beaton et al. 1999). The global potential 
for SOC sequestration through these and similar practices is estimated to be 0.9 ± 0.3 Pg C/year, 
with a cumulative potential of 30-60 Pg C over 30-60 years (Lal 2004). At the current rate, C 
emissions are expected to increase at 2.0 to 2.6 Pg C/yr, so even in the best case scenario SOC 
sequestration will only slow the increase in atmospheric CO2 concentrations (Lal 2004), but would 
make a large contribution to decreasing losses. The potential for SOC sequestration is highly site 
specific and dependant on pre-disturbance and current levels of SOC, climate, profile characteristics 
and management. It must be kept in mind that the capacity for soils to sequester SOC is finite and 
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should therefore only be viewed as a short term amelioration to carbon emissions, but is important 
from a soil health perspective. 
2.3. Potential and reality of carbon sequestration in Australia 
In a 2008 scoping paper on the SOC sequestration potential for agriculture in NSW, Chan et al (2009) 
reported an estimate that 4.9 Mt C/yr (18 Mt CO2e/yr) could potentially be sequestered across NSW 
pasture land, cropping land and rangelands. This is the equivalent of 11% of total NSW GHG 
emissions in 2005.  
For sequestering carbon to be economically viable for dairy farmers, the carbon price would have to 
be at least $200 per tonne CO2e (McKenzie 2010). The Australian government introduced its carbon 
pricing scheme, with a price of $23/tonne CO2e starting in July 2012 and increasing to $24.15 per 
tonne in 2013 (DCCEE 2012). 
 McKenzie (2010) explains that allowing 1 tonne of pasture to decompose on the soil to produce soil 
carbon (1 tonne pasture = 0.23 ton soil carbon/3.37 t CO2e) would have a value of $21 with a carbon 
price of $25/ton. The same tonne of pasture could produce hay bales valued at $150, or be used as 
feed for cows to produce 750 L of milk valued at $260. The cost of fertilisers needed to produce the 
extra tonne of pasture are also taken into account, with 1 tonne of humus requiring 83 kg N, 14 kg S 
and 20 kg P, with a cost of $150 using late 2009 prices (Kirkby 2009). On this basis alone, the low 
price on carbon and high fertiliser costs prohibit any direct financial incentive for sequestering 
carbon.  
Other difficulties for earning carbon credits relate to sampling techniques and carbon measurement. 
In order for carbon credits to be earned, evidence is needed on the amount of carbon being 
sequestered. Monitoring carbon changes within soils on a year to year basis would prove costly and 
labour intensive. Current methodology for detecting these changes is not certain, and research is 
ongoing into developing lower cost analytical methods for determining soil carbon fractions using 
mid-infrared reflectance (MIR) (Chan, Cowie et al. 2009).   
The Australian government's Carbon Farming Initiative (CFI) allows farmers to earn carbon credits by 
storing or reducing GHG emissions from the land, and allows sequestration projects in vegetation 
and soils (DCCEE 2012). Credits will only be issued over a 7 year period and the project must be 
proven to be permanent, where the carbon is locked up for 100 years. If the landholder has already 
earned credits and wishes to cancel the project, for example, change the land use or remove the 
vegetation storing the carbon, they would have to relinquish or buy credits back at market price. 
Natural disasters where carbon may be lost such as bushfire or drought would not require 
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landholders to pay back the credits. Project reports need to be submitted every 5 years and the 
project requires monitoring and verification. Methodologies for the validation of C sequestered have 
not yet been determined, but the Australian Government committed $19.6 million to the 
Methodology Development Program under the Carbon Farming Futures package, of which $7.2 
million was available for grants for methodology development projects. Submissions for these grants 
closed in May 2012.   
The benefits of returning carbon to the soil should not just be viewed from an emissions reduction 
perspective, as there are many other benefits to increasing the C content of soils (Stevenson 1982). 
The organic matter content is one of the most important factors affecting soil quality because of the 
influence it has on many biological, chemical and physical characteristics present in productive soils. 
Table 1 outlines some of these characteristics and their associated effects on soil properties. 
Property Remarks Effects on soil 
Colour The typical dark colour of many soils is 
caused by OM 
May facilitate warming 
Water retention Can hold up to 20 times its weight in 
water 
Helps prevent drying and shrinking; improves the 
moisture-retaining properties of sandy soils 
Combination with clay 
materials 
Cements soil particles into aggregates Permits exchange of gases, stabilises structure and 
increases permeability 







, and other cations 
May enhance the availability of micronutrients to 
higher plants 
Solubility in water Insolubility of OM is due to its 
association with clay 
Little OM is lost through leaching 
Buffer action Exhibits pH buffering Helps to maintain a uniform soil pH 
Cation exchange Total capacities of humus range from 
300 to 1,400 meq/100g 
OM may increase the soil CEC from 20 to 70% of the 
CEC 
Mineralisation Decomposition of OM yields CO2 and 
nutrients 
A source of nutrients for plant growth 
Combines with organic 
molecules 
Affects bioactivity, persistence and 
biodegradability of pesticides 
Modifies pesticide rates for effective control 
Table 1: General characteristics of SOM and associated effects on soil properties. Source: 
Stevenson (1982) 
 
2.4. Phosphorus and Nitrogen in soils 
2.4.1. The Role of Phosphorus in soils 
Phosphorus is essential in plants for photosynthesis, nitrogen fixation, crop growth, produce quality 
and root development (Ashman and Puri 2002). It forms part of DNA and the ATP molecule that 
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drives metabolism. ATP drives most biochemical processes, for example, nutrient uptake and 
transport in plants, as well as assimilation into different bio-molecules (Brady and Weil 2008). 
Phosphorus occurs in the soil in both organic, and inorganic forms (as the phosphate anion) (Figure 




2-, and are most available to plants when the soil pH is around 6-7 (Havlin, 
Beaton et al. 1999). Animal waste is an excellent source of organic P and accounts for 98% of organic 
P applied to cropland (Havlin, Beaton et al. 1999). Dairy cow manure typically consists of 0.5-1.2% 
total phosphorus (TP) (as a percentage of dry matter), and has an inorganic phosphorus (IP) content 
of 0.3-1.0%. Inorganic P comes from fertilisers, which are produced from rock phosphate, containing 
a group of minerals called apatites. It can be used directly as fertiliser but is usually processed 
further into calcium orthophosphate (single, triple and enriched superphosphates). These 
superphosphates contain P in the orthophosphate form, of which 97-100% of TP is available for 
plant uptake. These are neutral fertilisers that do not affect soil pH, as do ammonium phosphate 
fertilisers which contain a combination of N & P. The chemical characteristics of the soil and the P 
fertiliser source determine fertiliser/soil reactions, which in turn affect P availability to plants. Many 
factors that affect native P availability in the soils may also affect the fertiliser P reaction-product 
chemistry and availability (Havlin, Beaton et al. 1999). 
When the soil pH is either too acidic or alkaline, reactions between phosphorus and other elements 
(e.g. Al, Ca, Fe) render it unavailable to plants. The TP concentration of soils is relatively low at 
around 200 to 2000 kg P in the top 15 cm of 1 ha of soil (Brady and Weil 2008). In most soils the 
concentration of plant available phosphorus is low, at around 0.01% of TP stored in the soil; thus it is 
important to try to maintain soil pH at 6-7 to ensure the maximum amount of phosphorus is 
available for plants (Ashman and Puri 2002). Leaf tissue phosphorus in healthy plants is usually about 
0.2 – 0.4% of dry matter, while comparable figures for nitrogen are about 10 times greater (Brady 
and Weil 2008). 
Phosphorus deficient plants are usually stunted, thin stemmed and spindly, but rather than being 
pale, foliage appears dark green-blue. Thus if no healthy plants are nearby for comparison, 
phosphorus deficient plants may appear quite normal. Phosphorus deficiencies are also 




Figure 2: The cycling of phosphorus under a grazed pasture scenario. Pathways for P inputs, 
outputs, and exchanges are indicated by arrows. The numbers, in kg P/ha/yr are based on an 
annual P budget for a fertilised native based pasture system at Bookham in NSW, where soil P 
fertility was maintained at optimum levels and grazed by sheep over the period 1997-2002. Source: 
Simpson et al. (2007) 
Industrialised countries have compensated for initial low phosphorus levels by applying more 
phosphorus to agricultural soils than is removed in crops or via grazing. When phosphorus is applied 
in a soluble form, such as that found in fertilisers and manure, some of it becomes ‘fixed’ or changed 
to unavailable forms and over a period of time forms highly insoluble compounds. This change to 
unavailable forms allows only a small amount of applied phosphorus to be taken up by plants 
(around 10-15%) in any one year. As a result, farmers who are financially capable typically apply two 
to four times the amount of phosphorus that would be removed through crop harvest, a practice 
that over many years can lead to a saturation of soil P fixation capacity (although this rarely occurs in 
Aus as soils tend to be high sorbing) and high P levels in soils. This build-up of phosphorus in the soils 
through fertiliser application and livestock waste can increase the phosphorus concentration in 
runoff water, constituting one of the most serious types of water pollution (Brady and Weil 2008).  
2.4.2. The Role of Nitrogen in soils 
Nitrogen is essential to nearly all aspects of plant growth and function. It is a major part of all amino 
acids, from which proteins are built, including enzymes that control virtually all biological processes 
(Brady and Weil 2008). Other plant components that rely on nitrogen include nucleic acids 
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(hereditary control), chlorophyll (photosynthesis) and carbohydrates. Nitrogen stimulates root 
growth and development and assists in the uptake of other essential nutrients. Plants with sufficient 
nitrogen will have deep green leaves, high protein content in seeds and foliage; and a high level of 
productivity, be it carrying capacity of pastures or high levels of grain production. An oversupply of N 
will result in plants producing excessive vegetative growth, delayed maturity, higher susceptibility to 
disease and poor crop quality. Oversupply can also lead to a build-up of nitrate that is harmful to 
livestock (Brady and Weil 2008). When plants are deficient in nitrogen the effect is pronounced, 
typically exhibited through yellowish and pale green leaves (chlorosis), stunted growth with thin, 











2.4.3. Forms of Nitrogen in soils and plants 
 
Most plants take up nitrogen in the form of dissolved nitrate (NO3-) and ammonium ions (NH4+). 
Generally an equal amount of both forms is ideal (Brady and Weil 2008), but some plants grow best 
with higher levels of one or the other. An uptake of ammonium by plants will lower the pH of the soil, 
while the uptake of nitrate will increase the pH. These fluctuations in pH caused by N uptake will 
subsequently affect the uptake of other minerals and micronutrients (Brady and Weil 2008). Plants 
have also been shown to take up organic forms of nitrogen, namely low molecular weight, dissolved 
organic compounds such as proteins and amino acids. The uptake of these organic forms usually 
occurs at an order of magnitude smaller than the uptake of mineral N (Brady and Weil 2008). 
Figure 3: The global nitrogen cycle on land and in the ocean. Major processes that transform molecular nitrogen into 
reactive nitrogen  are shown, as well as the tight coupling with the carbon cycle. Blue fluxes indicate 'natural' fluxes, 
while red indicates anthropogenic changes. The numbers are in Tg N per year and represent values for the 1990's. 
Source: Gruber and Galloway (2008) 
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The global nitrogen cycle is tightly linked with the global carbon cycle, with interactions and 
exchanges occurring between the atmosphere, land and the oceans (Figure 3). Both human and 
atmospheric drivers contribute to the amounts and forms of nitrogen, with far reaching impacts 
from the climate to primary production (Figure 4). Although nitrogen is abundant in the atmosphere 
(75,000 Mg of N in the air above each ha of land), N2 gas is inert and unavailable for plant and animal 
use due to the strong triple bond between N atoms. For nitrogen to become available to plants, it 
must be ‘fixed’, by breaking the triple bond to form reactive nitrogen which is usually bonded to 
hydrogen, oxygen or carbon. Nitrogen can be fixed by microbial activity, lightning, or industrially 
through the ‘Haber’ process. Levels of N in soils typically range from 0.02 to 0.5%, with cultivated 
soils usually about 0.15% (Brady and Weil 2008). Such a soil would contain roughly 3.5 Mg nitrogen 
in the A horizon and a further 3.5 Mg in deeper layers. Most of the nitrogen found in soils occurs as 
part of organic molecules, with inorganic or mineral N accounting for only 1 or 2% of total N in the 
soils (Brady and Weil 2008). The levels of soil nitrogen generally strongly correlate to levels of soil 
organic matter, with SOM typically containing about 5% - 10% N. Mineralisation is the 
decomposition process where organic forms of nitrogen, which are largely unavailable to higher 
plants, are slowly broken down to available forms. This involves the breakdown of large, often 
insoluble N-containing organic molecules into smaller and smaller compounds with the eventual 
release of nitrogen as NH4
+ (Brady and Weil 2008). 
 
Figure 4: Nitrogen - carbon - climate interactions. The main anthropogenic drivers of these 
interactions are show. Plus and minus signs indicate the amount of the factor shown, while 
question marks indicate unknown impacts. Orange represents anthropogenic impacts, while blue 
represents natural interactions. Source: Gruber and Galloway (2008) 
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Nitrogen fertilisers are available in both organic and inorganic forms. Organic forms of N are typically 
from animal manures. Urine contains unstable organic N (35-70% of total manure N) which is 
mineralized rapidly to plant available forms; while faeces contains stable N (20-30% of total manure 
N) which is mineralized slowly during the year of application or longer (Havlin, Beaton et al. 1999). 
The quantity and availability to plants of N from manures depends on the nutrient content of the 
animal feed, the handling and storage of manure, the method and time of application and soil 
properties. Other organic forms of N occur from legume fixation and human sewage sludge (Havlin, 
Beaton et al. 1999).  
Synthetic fertilisers are produced via the Haber-Bosch process, forming anhydrous NH3, from which 
many fertiliser compounds are formed. Under normal conditions anhydrous NH3 must be stored 
under pressure and/or at low temperature otherwise it escapes into the atmosphere in its gaseous 
state. Application to soils requires that it be injected as a gas or liquid. Other forms of N fertiliser are 
non-pressurised and easier to handle and apply include ammonium nitrate (containing between 33-
34% N), potassium nitrate, sodium nitrate, ammonium sulphate and ammonium phosphate, and 
urea.  
2.5. C:N:P Ratios 
Both phosphorus and nitrogen are limiting factors in plant growth and biomass production (Brady 
and Weil 2008). The decay of dead plant biomass leads to the formation of Soil Organic Matter (and 
eventually SOC). In order to sequester carbon, sufficient levels of these nutrients are needed. 
Increases and decreases in both P and N affect the amount of biomass production and the levels of 
residue available to be returned to the soil, but several studies have shown minimal changes in the 
chemical composition of SOM despite variations in the amount of fertilisers and residue returned to 
the soils (Campbell, Bowren et al. 1991; Rumpel 2008; Kirkby, Kirkegaard et al. 2011). 
It has been suggested that only the humus fraction of the soil has constant C:N:P:S ratios, equal to 
10,000:833:200:143, or C:N = 12:1, C:P = 50:1 and C:S = 70:1 (Himes 1998). Kirkby et al (2011) 
compared the stoichiometry of Australian soils with the results of over 40 international soil studies 
and found similar relationships between N and S with C, but large differences between OP and C in 
their study and within the international studies reviewed.  
Brady & Weil (2008) reported that the C:N ratio for cultivated surface horizons ranges between 8:1 
to 15:1, with the median near 12:1. The ratio is generally lower for subsoils, while little variation in 
the C:N ratio is found in similarly managed soils in a given climatic region. 
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Cleveland and Liptzin (2007), synthesised a soil C186:N13:P1 ratio from different ecosystems worldwide 
and found insignificant variations in the soil C:N:P ratio among various ecosystems. They also 
observed an isometric relationship between carbon and nitrogen in surface soil (i.e. the slope of the 
log-log relationship between carbon and nitrogen was not statistically different from 1.0). Similarly 
Yang et al (2010) studied the C:N stoichiometry of alpine grasslands on the Tibetan Plateau and 
found that it remained relatively stable at different soil depths with results producing a slope that 
did not vary significantly from 1.0. 
2.6. Distribution of organic matter in soils 
Improved knowledge of the distributions and determinants of SOC across different soil depths is 
essential to determine whether carbon in deep soil layers will react to global change and accelerate 
the increase in atmospheric carbon dioxide (CO2) concentration (Fontaine, Barot et al. 2007; 
Meersmans, van Wesemael et al. 2009).  
Most of the soil organic matter is concentrated in the upper part of the soil profile, where plant 
roots are found. The difference in root concentration from one depth to another is probably greater 
than the relative difference in organic matter content (Troeh & Thompson, 1993). Decomposition of 
organic matter is greater in the upper layers because more organic matter is added there and 
aeration is greater.  
Although most studies have focused on the SOC distribution in the biologically active layers to 30 cm 
depth, significant questions remain in relation to the depth to which SOC and other soil components 
should be measured and modelled (Wells, Hancock et al. 2012); and how deeper soils might respond 
to management changes in order to increase soil C sequestration (Syswerda, Corbin et al. 2011). 
Measuring SOC contents of soil layers below 30 cm depth has been highlighted as critical to making 
accurate measurements of changes in SOC stocks (Kravchenko and Robertson 2011; Cotching 2012). 
As an example of how few studies include deeper soil samples in their analyses, a review by West 
and Post (2002) of 67 studies in which soil C sequestration was compared across different 
management systems, only two were found to use soil samples below 30 cm. Information regarding 
how soil texture, bulk density, rock content and climate relate to the vertical SOC profile also 
remains scarce. 
In theory, the vertical distributions of SOC and TN are determined by a dynamic balance between 
carbon inputs from plant production and outputs through microbial decomposition (Gill, Burke et al. 
1999; Yang, Fang et al. 2010). As roots provide a major source of carbon within the soils, the vertical 
distribution of root systems should play a major part in the distribution of SOC down the profile 
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(Jobbagy and Jackson 2000). Yang et al (2010) also cite Gill et al. (1999) in acknowledging that depth 
dependant decomposition rates have been proposed as another factor determining SOC distribution, 
as a higher proportion of root biomass occurs in the surface soil. 
Yang et al (2010) studied the vertical patterns of soil organic carbon (SOC) and total nitrogen (TN) of 
alpine grasslands on the Tibetan Plateau. They found the proportion of SOC in the top 20 cm of the 
soil profile to be 49% in the alpine grasslands, compared to the global average of 42% for grasslands 
and 50% for forest soils, as indicated by Jobbagy and Jackson (2000). The proportion of total N was 
also higher at 43% compared to 38% globally. They suggested their results occurred due to shallower 
root distributions in high altitude/latitude ecosystems. 
Wells et al. (2012) examined the vertical soil organic carbon distribution for an undisturbed, untilled 
grassland site in the Young River area of Western Australia, with the aim of determining whether it is 
possible to predict the vertical SOC content based on knowledge of local climatic conditions as well 
as the distribution of soil physical properties. Their results showed that SOC concentrations were 
highest in the 0-20 cm soil layer and decreased with depth exponentially to 20 cm. Very little organic 
carbon was found in the 20-40 cm core samples, with the average SOC concentration being 2.04% 
and the 0-20 cm carbon inventory being 35.2 t C/ha. 
2.7. Nutrient budgeting 
Nutrient budgeting is an accounting concept applicable to all farms that aids the monitoring of 
nutrient inputs, outputs and stores. Modern dairy farms use large amounts of nutrients in the form 
of feed and fertiliser to maintain high levels of milk production. In 2004-05, the average Australian 
dairy farm imported 1.1 tonnes of supplements per cow/yr, mostly in the form of cereal-based grain 
(ABARE 2006). Excess nutrients, particularly nitrogen and phosphorus, can enter the environment 
through surface water runoff and groundwater leaching. This can significantly affect water quality in 
rivers, lakes and dams where excess nutrients can cause eutrophication (algal blooms) (Brady and 
Weil 2008). Nitrogen can also enter the atmosphere when ammonia is volatised (a process called 
denitrification), releasing the greenhouse gases N2O and NO2 which can help form a particulate haze. 
Re-deposition of these chemicals into water resources may then occur, contributing to acidification 
and eutrophication (Gourley, Powell et al. 2007). Monitoring nutrient inputs and outputs can result 
in environmental benefits both on and off the farm, healthier soils and animals, and reduced costs to 
the farmer through savings in fertilisers. 
There are three main ways of nutrient budgeting: farm-gate, field and farm, and system budgets. 
Each has their benefits depending on a range of factors such as scale, accuracy, data collection, etc. 
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(Oborn, Edwards et al. 2003). A detailed farm-system budget will be able to identify the distribution 
of nutrients, nutrient pools and transformations within a farm. This approach allows for the 
deposition of nutrients through cow dung and urine, which contain high nutrient loads. A study by 
Rotz et al (2005) found that a single urine patch from a dairy cow can deposit the equivalent of 500-
1200 kg N and 200 kg K/ha. Areas of confinement (milking sheds), areas where cows congregate in 
high density (windbreaks, shade, water troughs), and foraging areas all have different rates of dung 
and urine deposition, and therefore productivity and pollution risk (Gourley, Powell et al. 2007). 
In their review on nutrient budgeting for Australian dairy farms, Gourley et al (2007) proposed that 
farm system nutrient budgets, when combined with soil testing data, can highlight the various 
pathways that lead to excess nutrient accumulation, and identify management efficiencies and 
opportunities for improvement. Thus nutrient budgeting and subsequent management decisions all 
depend on the information gathered from quality soil testing data. 
2.8. Techniques and methods used to determine C, N and P accumulation  
2.8.1. Measuring soil carbon 
Soil Organic Carbon (SOC) is usually measured in the laboratory, from samples collected in the field. 
There are two types of ex-situ tests usually performed: Dry combustion testing measures all carbon 
present in the sample, while wet combustion tests based on acid digestion, measure only organic 
forms of carbon in the sample (Chan 2008). SOC results are usually expressed as a % C by weight, for 
example grams C per 100 g soil. SOC results can be converted to soil organic matter (SOM) levels by 
multiplying the SOC value by a conversion factor. A common factor to convert from SOC to SOM 
assumes that the SOM present in the soil is made up on average of 58% carbon (Chan 2008).  
The wet combustion (acid digestion) method involves oxidising SOM to CO2 and has been regarded 
as standard procedure since it was introduced in 1927 by Schollenberger (Chatterjee, Lal et al. 2009). 
It has since undergone a number of modifications, depending on soil type, with some applying 
outside heat to complete SOM oxidation. Temperature and duration of oxidation are critical for 
accurate results, and must be standardised. Walkley & Black (1934) obtained satisfactory results 
using no heating, and suggested a factor of 1.32 be used to account for incomplete digestion 
(assuming a 76% recovery). Subsequent studies found that the assumed 76% recovery is dependent 
on soil type, depth and mineralogy and often leads to overestimating or underestimating SOC 
concentration (Chatterjee, Lal et al. 2009). Even though the wet digestion method has limitations 




Other dry combustion methods exist that involve oxidising SOC at high temperature and measuring 
the changes in mass (loss on ignition, LOI) or the amount of CO2 produced with automated 
instruments (Automated Carbon Analyser). Although it is a simple, rapid and inexpensive technique 
to determine SOC, the LOI method does not generally represent SOM because it can decompose 
inorganic constituents without igniting the entire SOM pool (Chatterjee, Lal et al. 2009). Automated 
analysers are rapid and precise, and some models can measure C, N and S contents simultaneously. 
They are the standard method for professional analysis, having higher precision than wet 
combustion or LOI, but the costs of equipment and associated components can be prohibitive 
(US$ 40,000-$50,000+). A comparison by Conyers et al (2011) of three methods for measuring soil 
carbon found that the Heanes (1984) and Leco (Leco 1995) methods are equivalent in their 
determination of C, while the Walkley-Black method has a variable relationship with the Leco and 
Heanes results for 26 substrates. They concluded with support for the proposition that Walkley-
Black data should be reported as readily oxidisable C and that no attempt at converting to total C be 
made.  
The CSIRO National Soil Carbon Research Programme (ScaRP) was developed to examine the SOC 
levels from agricultural sites around Australia under different management regimes. Their methods 
for analysis have been standardised for consistency (Sanderman, Baldock et al. 2011). Typically, soil 
samples are air dried at 40°C for 48 hrs, then crushed and passed through a 2 mm sieve. Bulk 
densities are calculated as well as the oven dry equivalent mass (moisture factor) to allow for 
residual moisture content. Samples are mechanically fine ground and tested for the presence of 
inorganic carbon by completing a fizz test using HCl.  Total carbon concentration is measured by high 
temperature oxidative combustion followed by non-dispersive infrared detection of CO2. This 
method is preferred to wet chemical methods as it has proven to be more accurate and reproducible. 
Five certified reference samples are used and 4 point calibration sets are completed prior to and 
after sample analysis. TC final data is reported as mg C g oven-dried soil. Samples that contain 
carbonates (determined from the fizz test) are analysed twice, once to determine TC then once after 
being pre-treated with sulphurous acid (H2SO3). This removes any inorganic carbon, measuring only 
organic carbon. TIC is then calculated by subtracting TOC from TC. More advanced (and labour 
intensive) fractionation techniques can also be applied. These use NMR and MIR spectroscopy to 
isolate particulate and mineral fractions within samples (Sanderman, Baldock et al. 2011). 
McKenzie (2010) offers several examples of how large errors can occur is soil carbon sampling and 
analysis. These include overlooking the importance of spatial and temporal variability in sampling 
where landscape features and cycles of drought and rain need to be taken into account. Errors in 
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measurement may occur due to: surface vegetation being included in the sample; root material not 
being separated or included in the sample, when it should be treated as SOM; bias in sampling sites 
and bias in reporting to support the case being made; mistakes in bulk density analysis, e.g., 
compression of samples; including carbonate samples as organic carbon using the automated LECO 
analysis method;  use of the Walkley-Black method instead of the LECO method;  and failing to 
account for sub-soil carbon by restricting analysis depth to 30 cm. 
2.8.2. Measuring soil nitrogen 
There are two common methods for analysing total nitrogen contents of soils. The Kjeldhal (1883) 
method is based on wet oxidation, where nitrogen in the sample is converted into NH4
+ by digestion 
using H2SO4 in the presence of a catalyst. Distillation/titration or colorimetric determinations of the 
NH4
+ -N present are commonly used to complete the measurement. Although the adequate 
recoveries are usually achieved, the Kjeldhal method may not recover all forms of N, especially 
where N-O bonds are present. Where complete recoveries are essential, certain modifications to the 
Kjeldhal method can be made (e.g. sodium thiosulfate-salicylic acid) to ensure all forms of N are 
extracted. The Kjeldhal method is relatively slow, labour intensive and requires care in the handling 
of acids and fumes.  
The alternative method for measuring TN involves the elemental combustion of both C and N under 
high temperature (~900-1700° C), transforming solids into the gas phase (College 2012). Nitrogen in 
the sample is converted into NO2 or other oxides of nitrogen. These oxides are passed through a 
reduction column filled with chopped Cu wire at 600° C, where the nitrogen oxides release their 
oxygen to the copper and form N2. The sample gases are then passed through a gas chromatograph, 
where the total C and N contents are determined from each sample. Advantages of the combustion 
technique are that it is much more rapid, there is less room for human error, both total C & N 
contents can be measured simultaneously, and there is no direct handling of acids/waste products. 
2.8.3. Measuring soil phosphorus 
Three common methods exist for measuring total phosphorus contents of soils (Rayment and 
Higginson 1992). These are: a destructive procedure based on fusion with sodium carbonate 
(Na2CO3); digestion involving perchloric acid (HClO4); and a non-destructive method involving X-ray 
fluorescence. The first two of these methods involve the extraction/conversion of phosphorus 
followed by colorimetric measurement using a spectrometer. 
There is an important distinction to be made between tests that measure total phosphorus contents 
and those that measure only ‘extractable phosphorus’. Not all phosphorus in soils is available to 
plants, due to a range of factors such as parent material, weathering processes, vegetation, etc., that 
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influence the chemical composition (Rayment and Higginson 1992). Several tests have been 
developed to measure ‘extractable’ soil P for plant growth and fertiliser application, the most 
common being the bicarbonate extractions of Colwell (1963) and Olsen et al. (1954). 
2.9. Bulk density 
To express the amount of carbon in the soil on a per hectare basis, knowledge of the bulk density 
(BD) of the soil to the sampling depth is needed. The soil bulk density is the weight of soil in a given 
volume. Also known as dry bulk density, the weight of the dry soil is divided by the total soil volume. 
By weighing the soil before and after drying, the water content can also be found. Soil BD and 
porosity reflect the size, shape and arrangement of particles and voids (soil structure) (Brown and 
Wherrett 2012). Soil bulk density and porosity offer a good indication of the suitability of the soil for 
root growth and soil permeability. A soil with a low BD of less than 1.5 g/cm3 is considered desirable 
for the optimum movement of air and water through the soil (Hunt and Gilkes 1992).  
Chan (2008) offers the following example of how to use bulk density in calculating tonnes of SOC per 
hectare: if SOC = 1% and bulk density of the soil = 1.4 Mg/m3 to 30 cm depth (1 Mg = 1000kg = 1 
tonne), the amount of SOC present in the soil, to 30 cm depth of 1 hectare of land can be calculated 
as follows: 
Tonnes carbon per ha  = SOC (%) x Soil Bulk Density (Mg/m3) x Sampling depth (cm) 
   = 1.0 x 1.4 x 30 
   = 42 tonnes/ha 
 
2.10. Similar studies 
Kirkby et al. (2011) hypothesised that nutrient availability can affect SOM levels in ways unrelated to 
increased biomass production. Freshly collected Australian soils were analysed for C, N, P, OP, and S 
and the stoichiometry was compared with a range of values from soils analysed from around the 
world (International soils). For the Kirkby et al. (2011) study, surface soils from a depth of 0-15 cm 
were collected from different agro-ecological regions, with varying land uses.  
Different methods were used for preparing the Australian soils for analysis compared to the 
International soils. Some International researchers discarded large pieces of organic material such as 
stubble or roots, while some discarded organic material that would not pass through a 2 mm sieve 
before grinding, (Brady and Weil (2008) define SOM as the organic matter that passes through a 2 
mm sieve). Separation of the Australian soil matter was achieved by the development of a method 
to separate light, easily identified pieces of plant residue (referred to as the light fraction, or LF) from 
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the heavier mineral fraction (referred to as the heavy fraction, or HF). Organic matter associated 
with the HF was considered the same as SOM or humus (Kirkby, Kirkegaard et al. 2011). To prevent 
the loss of significant amounts of C and N, no washing or separation by floatation was performed. 
In the review of the analysis of International soils, the most common methods for C and N analysis 
were dichromate oxidation and Kjeldahl digestion respectively (Kirkby, Kirkegaard et al. 2011), while 
estimation using dry combustion in a multi element analyser was also used. Measuring sulfur was 
done by the dry combustion method also, as well as X-ray fluorescence spectroscopy and inductively 
coupled plasma spectroscopy following acid digestion. 
OP was measured via two main methods. In one method, the SOC is first destroyed through ignition 
or treatment with an oxidising agent such as hydrogen peroxide. The OP is then measured as an 
increase in inorganic P extracted by an acid solution. 
No significant difference was found in the relationship between N and S with C for both Australian 
and International soils, indicating that similar amounts of C are associated with each unit of N or S 
for both sets of soils. A significant difference was found in the relationship between OP and C for the 
Australian and International soils. Each unit of OP for the International soils was associated with 
significantly less C than for Australian soils. Issues dealt with in the paper include methodology 
differences and the importance of dealing with the light fraction (LF) of plant materials and the 
nutrient ratios.  
Wells et al (2012) studied the distribution of SOC at an untilled grassland site in the Young River area 
of Western Australia. Soil samples were collected by scraper-plate at 20 mm increments to a depth 
of 200 mm. 95 mm cores were then inserted to their full depth of 200 mm, bringing the total 
sampling depth to 400 mm. Any large or obvious roots were removed from the samples before 
bagging. All soil samples were air dried in an oven at 40°C for 2-3 days, then gently broken up in a 
mortar and pestle then passed through a 2mm sieve. Any soil that did not pass through the 2mm 
sieve was the coarse fraction.  Soil <2mm that passed through the sieve was further broken down by 
mortar and pestle and weighed, then ground in a mill to a fine powder and soil C concentration was 
measured using a LECO 2000 combustion analyser. The LECO C results were corrected for inorganic 
carbon content by digestion of soil in a solution of FeCl3 and HCl while using a manometer to 
determine CO2 volume given off by digestion. Results for their site showed that SOC concentrations 
were highest in the 0-2 cm soil layer and decreased exponentially with depth, with very little organic 
C found in  the 20-40 cm samples. Average SOC content was 2.04%, with total C stocks calculated at 
35.2 t C/ha for the 0-20 cm layer. 
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Cleveland and Liptzin (2007) conducted a review of the literature to investigate whether a ‘Redfield-
like’ ratio exists in worldwide soils and soil microbial biomass. The ‘Redfield ratio’ is a principle in 
biogeochemistry, discovered by Alfred Redfield in 1958, that recognises marine plankton are 
composed of carbon, nitrogen and phosphorous in a characteristic molar ratio of 106:16:1 (Redfield 
1958). Redfield also presented evidence that the abundance of C, N and P is regulated by reciprocal 
interactions between marine organisms and the ocean environment. From a worldwide dataset 
consisting of 186 observations from 48 unique sources, Cleveland and Liptzin (2007) found that 
although total soil C, N and P contents vary greatly worldwide (e.g., TC values ranged from 1,108 – 
39,083 mmol kg-1), total soil C:N:P ratios are remarkably constrained. C:N ratios ranged between 2 
and 20, N:P ratios between 1 and 77, and there was no significant variation in ratios between forests 
and grasslands. That fixed C:N ratios exist across large geographical areas is consistent with the fact 
that plants are the major source of total C and N in terrestrial ecosystems, but the fixed C:P and N:P 
ratios were more surprising considering that the major source of P is the weathering of rock minerals 
(Walker and Syers 1976; Chadwick, Derry et al. 1999; Cleveland and Liptzin 2007). The relationships 
between nutrients were examined using standardized major axis estimation (SMA) (Warton, Wright 
et al. 2006), and although there was variation between nutrients, there was significant positive 
association (P < 0.0001) between C, N and P on a global scale. Soil C and N relationships were 
isometric, while C and P and N and P relationships were non-linear, with P concentrations increasing 
slower than C and N. This observation suggests that as organic matter accumulate in an ecosystem, 
soil C and N concentrations become increasingly decoupled from soil P concentrations (Cleveland 
and Liptzin 2007). In terms of constrained ratios for soil microbial biomass, results showed that 
changes in environmental element ratios did not significantly affect microbial element ratios, 
suggesting that a ‘Redfield-like’ ratio does exist. Their best estimate offered for soil microbial 
biomass C:N:P molar ratio is 60:7:1, which does vary significantly from the marine Redfield ratio 
(Cleveland and Liptzin 2007). 
The consistency and constraints of C:N:P ratios in Chinese soils were explored in a study by Tian et al 
(2010). The study attempted to determine whether well constrained soil C:N:P ratios existed in the 
various Chinese soil types, which have developed under different bioclimatic conditions, and are 
derived from different parent material. Correlation analyses were carried out on data from more 
than 2,384 soil profiles from across China, across a range of depths. Results showed C:N ratios were 
well constrained in the organically rich 0-10 cm surface soil layer (correlation coefficient 0.93), while 
C:P and N:P ratios were relatively constrained with correlation coefficients of 0.62 and 0.51 
respectively. Nutrient ratios for the 0-10 cm layer were 14.4 for C:N, 136 for C:P, and 9.3 for N:P; and 
the C:N:P ratio was 134:9:1. Comparisons are made with the C:N:P ratio from the global study by 
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Cleveland and Liptzin (2007) (186:13:1), and it is suggested the difference in results are likely due to 
environmental factors influencing the ratios. When C:N:P stoichiometric ratios were calculated for all 
soil layers (including deeper layers) they were not relatively constrained, except for C:N ratio, with a 
correlation coefficient  of 0.88. Number weighted average soil C:N, C:P, and N:P ratios for all soil 
layers were 12, 61, and 5 respectively, and the C:N:P ratio for all soil layers was 60:5:1. They found 
that the C:P ratio declined rapidly with depth, mainly due to the relatively stable P content 
throughout the soil profile compared to C content. It was also observed that low soil P content 
always led to high C:P and N:P ratios, indicating that the C:N:P ratio in the soil is mainly controlled by 
the P supply (as suggested by Walker & Adams, 1958). Soil P content was controlled by the soil 
parent material type, soil weathering stage and climate factors affecting the soil weathering rate. 
Variation in the range of C:N ratios was relatively small, even though samples were from different 
climate zones and different depths; while for C:P and N:P ratios, large spatial heterogeneity was 
found (both horizontally and vertically). 
2.11. Summary of key points 
With atmospheric CO2 concentrations increasing and human induced climate change becoming a 
reality, the need to reduce emissions and remove CO2 from the atmosphere is urgent. With large 
amounts of carbon already having been lost from the soils due to vegetation and land use change, 
the potential to sequester ~ 4.9 Mt C/yr on NSW agricultural land is promising. Although in current 
circumstances it might not be economically profitable from a carbon trading point of view, there are 
many other benefits to increasing SOM in terms of productivity and soil health.  
An assessment of the current levels of SOC, TN and TP on dairy farms in the Sydney region will 
provide an indication of the potential C sink available on such properties; assist in nutrient budgeting 
and fertiliser applications; reduce pollution from excess nutrient runoff; and identify potential cost 
savings in fertiliser application. Assessing nutrient levels to a depth of 100 cm will offer an insight 
into the stores and relationships occurring deeper in the profile than is typically measured. The 
information gathered from the study will be an important contribution to the knowledge base of 




3. Materials and Methods 
The following section provides an overview of the sites where the study was undertaken, the 
sampling process and the specific analysis techniques used for determining nutrient contents. 
Details are also provided on the handling of data and specific calculations used to determine 
nutrient contents and ratios. 
3.1. Site selection 
Sites chosen for the study were located across two dairy farms about 70 km SW of Sydney. The 
region has an average annual temperature of 23.6°C and receives an average annual rainfall of 743 
mm/yr, with higher rainfall tending to occur in the summer months (Figure 7). The first farm 
(Craigend) was located at Camden East, while the second farm located nearby was the Elizabeth 
Macarthur Agricultural Institute (EMAI), a research institute of the NSW Department of Primary 
Industries (DPI). Both farms had been sites of ongoing research projects by the DPI, thus there was 
some limited prior knowledge of the site history, use, productivity and specific paddock fertility. 
Pasture production is predominantly rain-fed, supplemented with some irrigation; and P fertiliser is 
spread mainly in autumn, with some farms in the area using a second application in the spring 
(Lawrie, Havilah et al. 2004). 
Three paddocks were chosen on each farm, categorised as being high, medium and low fertility. The 
locations are shown in Figures 5 & 6, and the latitude & longitude for each pit is located in Appendix 
2. Distinctions between paddock fertility were based on location, drainage, paddock use, type and 
health of pasture, and prior soil analysis data from previous studies. Individual site descriptions 
undertaken in the field can be found in Appendix 2.  
Actual sites for digging the profiles in the paddocks were chosen by finding a relatively uniform area 
of land, away from anything that may influence the soil chemistry or soil use such as fence and 




Figure 5: EMAI site overview. The white borders outline the fields, and the field names in white lie 
roughly on the location where the pits were dug. The high fertility Z4A field is easily distinguished, 
appearing to be under irrigation. Navigation creek can be seen separating the Z7B & 7A fields. The 




















Figure 6: Craigend site overview. The white borders outline the fields, and the field names in white lie roughly on the location where the pits were dug. 
Similar to the EMAI site overview, the high CE3 and low CE6 fertility sites are clearly distinguishable by the pasture cover. The location of the dairy near 




Figure 7: Average monthly rainfall and temperature for Camden, NSW. Source: BOM, 2012 
3.2. Sampling methods 
At each site, a pit was dug by hand and soil samples were taken down the profile. The pit dimensions 
were 100 cm deep by 50 cm wide by 75 cm long, giving access to the vertical soil profile along all 
sides to a depth of 100 cm (see sampling photos in Appendix 1). Down the vertical soil profile, 
samples were taken at depths of 0-10 cm, 10-20 cm, 20-30 cm, 30-40 cm, 40-60 cm, 60-80 cm and 
80-100 cm. About 500 g of soil was collected at each of these depths, as well as two bulk density 
cores (stainless steel) for each depth from opposite sides of the pit. 
Soil samples were described on site using a Munsell soil colour chart. Samples were laid out and 
photographed to record the colour change down the profile (Appendix 1 & 2). 
3.3. Sample preparation 
The samples were prepared for analysis by first laying them out to air dry for 1 week; the room was 
maintained at a temperature of 20 - 30°C. Larger clumps of soil within the samples were broken up 
by hand and any visible organic matter such as dead roots, grass, sticks, etc., was removed. Samples 
were coned and quartered (to avoid systematic bias within sample) to get a 100-150 g subsample, 
then ground using a mortar and pestle to pass through a 2.00 mm sieve. From the 2 mm material, a 
further subsample of 10-15 g was finely ground to pass through a 250 µm sieve. The final prepared 























































Camden Average Monthly Rainfall & temperature 
Average monthly rainfall (1883-2011)
Average monthly temperature (1972-2011)
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3.4. Bulk density analysis 
Bulk density is the mass of a unit volume of soil. It reflects the compaction of soils and suitability for 
root growth and soil permeability (Brown and Wherrett 2012).  The bulk density of the soils was 
determined by oven drying the cored samples from each depth at 110°C for 24 hours. Samples were 
weighed before and after drying. The weights from each depth were averaged from the two cores, 
from which the bulk density was calculated as follows: Bulk Density (g/cm3) = Dry soil weight/Soil 
Volume (cm3). The volume of the bulk density cores was calculated at 209.27cm3.  Percentage water 
content was also calculated from the data. Agreement between the replicates was good (variation 
usually < 5%). 
3.5. Organic carbon analysis 
Organic carbon analysis was carried out at Wollongong University by the author using the Walkley 
Black method, where organic matter is decomposed wet chemically, and the quantity of carbon is 
estimated by a back titration procedure (Walkley and Black 1934; Nelson and Somers 1996). Organic 
matter within a weighed 250 µm soil sample is decomposed using hot dichromate solution, with the 
heat being provided by dilution of concentrated sulfuric acid. Excess dichromate is then titrated 
against an iron (II) solution and the quantity of carbon reacted is calculated from the results. Each 
sample was analysed in duplicate, along with standards and random replicates. 
Soil moisture factors were calculated to account for the water content within the air dried sample 
used for organic carbon analysis. These were calculated by weighing a sample before and after oven 
drying at 105°C for 24 hrs (see Table in Appendix 4). 
3.6. Phosphorus analysis 
Total and inorganic phosphorus analyses were carried out by the author at the NSW DPI Richmond 
Research Laboratories, University of Western Sydney.  
Organic P is commonly defined as the difference between measures of total and inorganic P. This 
method, based on Saunders et al (1955), assumes that ignition converts all organic P into inorganic P. 
The carbon compounds containing P are destroyed, leaving the remaining P (organic and inorganic) 
available for extraction by 0.5 M H2SO4. Treatment of unignited soils with 0.5 M H2SO4 extracts only 
the inorganic P, with the difference between the ignited/unignited samples being representative of 
organic P. It is noted that this method may over-estimate organic P in some soils, particularly highly 
weathered soils (Condron, Moir et al. 1990). 
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Total P was determined by placing 1.000 g of finely ground (<250µm) soil into a furnace at 500°C for 
2 hours. The ashed residue was then transferred into a 50 mL centrifuge tube, 25 mL 0.5 M H2SO4 
was added and then the tube was placed in an end-over-end shaker for 16 hours. Samples were then 
centrifuged at 1800 g for 10 minutes, diluted 50x and 1 mL mixed colour reagent was added. Colour 
was allowed to develop for ~30 minutes then absorbance at 882nm was measured on a 
spectrophotometer. 
Inorganic P was measured following the same methods, only on samples that had not undergone 
ignition in the furnace. Calibration curve standards were also measured, as were internal and 
external standards, and blanks. Both total P and inorganic P were measured in duplicate, with the 
average used in calculations. Organic P was calculated by subtracting inorganic P values from total P 
values. Details of the methods followed can be found in Dougherty (2012). 
3.7. Nitrogen analysis 
Samples were analysed for total nitrogen and total carbon contents using the Dumas combustion 
method at the NSW DPI Environmental Laboratory in Wollongbar, NSW. This method involves 
combustion of samples at high temperature in the presence of catalysts, converting them to oxides. 
The resulting nitrogen oxides are reduced to elemental nitrogen and the by-products water and 
carbon dioxide are removed completely. The remaining nitrogen is analysed using a single filament 
detector (Lab-Synergy 2012).    
3.8. Particle size analysis 
Soil particle size was analysed using a Malvern Mastersizer 2000. The Mastersizer uses laser 
diffraction to measure the size of particles. As the laser beam passes through the dispersed 
particulate sample, the beam is scattered and the intensity of light is measured. The data is then 
analysed to calculate the size of the particles that created the scattering pattern (Malvern 2012). 
Samples used for analysis were the unground, undried soil sample from each profile layer. Samples 
were first passed through a sieve to remove any large fragments that might block the Mastersizer 
pump. The sample was then diluted until it was in the optimum range for measurement, as 
displayed on the Mastersizer software. Data provided by the software is the average of three 
analyses of each sample, and the complete data set is located in Appendix 3. 
3.9. Data handling and Analysis 
The handling and conversion of raw data from the analyses is described below: 
Data was converted from percentage (%) to mg/kg by multiplying the percentage by 10,000. 
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The soil SOC stock (kg/ha) was calculated from SOC concentration (mg/kg) and soil bulk density (BD) 
(Mg/m3) for each layer to 100 cm depth, and then summed for the profile: 
SOClayer = SOCconclayer x BDlayer x Tlayer x 10
4 
Where SOClayer is the SOC mass for the sampled soil layer (kg C/ha), SOCconclayer is the C 
concentration (mg/kg), BDlayer is the bulk density (Mg/m
3), Tlayer is the thickness of the profile layer 
and 104 is a conversion factor (m2/ha). TN & TP stocks were also calculated using the same method. 
3.9.1. Molar ratios 
Molar ratios were calculated using the following procedure: 
Data was first converted to the same mass units of mg/kg. To convert data from mg/kg to mmol/kg, 
values were divided by the atomic mass of the element: 
 for C, mg/kg was divided by 12 to get mmol/kg  
 for N, mg/kg was divided by 14 to get mmol/kg  
 for P, mg/kg was divided by 31 to get mmol/kg  
Then to calculate molar ratios, mmol/kg data was divided by the smallest denominator: 
 To get the C:N ratio, mmol/kg C was divided by mmol/kg N  
 For N:P ratio, mmol/kg N was divided N by mmol/kg P  
 For C:P ratio, mmol/kg C was divided C by  mmol/kg P 
Molar ratios were calculated instead of mass ratios because they provide a more accurate indication 
of the amount of the element present in the soil. It must be noted that when calculating the molar 
ratios for the deeper layers within the soil profile, there were very small amounts of nutrients 
present. Dividing a very small number by another very small number increases the level of error, so 
it is not possible to make major conclusions from such ratios, rather they should be viewed as 
indications of nutrient status.   
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4. Results & Discussion 
The following section details the results found from the study, with information provided on the bulk 
densities and soil textures, nutrient contents and molar ratios. Results from similar studies in the 
relevant literature are compared, and with possible reasons for the similarities and differences in 
findings discussed. 
4.1. Quality control and data 
Where possible, the use of replicates and standards were incorporated to ensure accuracy in 
analysis techniques and results. 
A reference sample EMAI pit 98 was included in all analyses (WB OC, TC, TN and TP). This sample has 
been analysed several times before and is commonly used as a reference in the UOW laboratory. 
The data range for C is known from over 30 analyses in different laboratories to be between 3.3-
3.6%. Values obtained via the Walkley-Black method in this study ranged between 3.26 – 3.47%, and 
DPI laboratory analysis returned a TC value of 3.6%   The sample has also previously been analysed 
for N around 8 times, averaging 0.32%. A second internal reference sample (CE INT1) commonly 
used by the DPI, was included when conducting phosphorus analyses at the DPI laboratory in 
Richmond. The CE INT1 standard returned TP values between 1069-1120 mg/kg, TN of 0.36% and TC 
of 4.0%. 
Internal standards were used to calibrate the spectrophotometer used for P analysis. The P analyses 
were conducted in duplicate, with the average of the two results used. There was a very high level of 
agreement between the duplicate data sets, with a correlation coefficient of 0.9979 for all points. 
When conducting bulk density analysis, two cores were taken at each depth and the average used to 
account for errors in technique, variation in soils and any rocks, etc, that may affect results. There 
was a high level of agreement between the duplicate data sets.  
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4.2. Bulk densities 
The bulk density measurements for each profile layer are summarised in Table 2 and discussed for 
each site below. 













0-10cm 1.48 1.32 1.43 1.13 1.33 1.31 
10-20cm 1.61 1.49 1.57 1.26 1.49 1.50 
20-30cm 1.57 1.70 1.72 1.30 1.49 1.69 
30-40cm 1.58 1.71 1.71 1.40 1.51 1.65 
40-60cm 1.54 1.62 1.63 1.26 1.53 1.48 
60-80cm 1.55 1.63 1.64 1.58 1.69 1.45 
80-100cm 1.62 1.68 1.58 1.68 1.68 1.39 
Table 2: Soil bulk density measurements for the soil profiles studied in this project 
 
4.2.1. EMAI Sites 
The soil bulk densities across all locations generally increased with depth (Table 2, Figure 8). There 
was little variation at the EMAI sites between the different fertility fields (pits) with the BD 
increasing from ~1.4 g/cm3 in the 0-10 cm layer to a maximum of ~1.7 g/cm3 at 40 cm depth, before 
dropping slightly to ~1.6 g/cm3 from 60-100 cm deep. The higher fertility field (Z4A) had slightly 
lower maximum BD reaching 1.61 g/cm3 in the 10-20 cm layer and staying around this value to 100 
cm depth.  
 



























































4.2.2. Craigend sites 
The Craigend sites displayed more variability in BD (Figure 8) with the higher fertility CE3 field values 
steadily increasing from 1.13 g/cm3 to 1.68 g/cm3. The CE10 values also steadily increased down the 
profile from 1.33 g/cm3 to a maximum of 1.68 g/cm3, while the CE6 field (low fertility) values 
increased from 1.31 g/cm3 to a peak of 1.69 g/cm3 in the 20-30 cm layer, before dropping back to 
1.39 cm3 at 100 cm depth. This increase in BD mid-profile is characteristic of a ‘Plough Pan’ often 
seen in soils that have undergone ploughing, but for this low fertility site this is unlikely as it has not 
been subject to such processes (W. Dougherty, pers. comms.). 
Soil bulk densities vary with soil type and generally increase with depth, but bulk densities of over 
1.6 g/cm3 tend to restrict root growth (Brown and Wherrett 2012). Fine silts and clays tend to have 
lower bulk densities at around 1.1-1.6 g/cm3, while sandy soils typically range from 1.3-1.7 g/cm3. 
Soils rich in organic matter can have a BD as low as 0.5 g/cm3, while highly compacted subsoils or 
indurated horizons may have a BD exceeding 2.0 g/cm3 (Brown and Wherrett 2012). 
Between the Craigend and EMAI sites there were no major differences in bulk densities apart from 
the high fertility CE3 field (Table 2). Ranges were fairly consistent around 1.3-1.4 g/cm3 in the topsoil 
and 1.6-1.7 g/cm3 at 100 cm depth. Compared to the other Craigend sites, the low fertility CE6 field 
BD’s spiked between 20-40 cm deep, but the values were similar to those found in the EMAI sites at 
that depth. As expected there was a moderate negative association (R2 = 0.60) between bulk 
densities and TC values. 
4.2.3. Particle size & soil texture 
 
Sample Name Sand Silt Clay 
7A 0-10 cm 13 69 18 
7A 10-20 cm 24 61 15 
7A 20-30 cm 8 64 28 
7A 30-40 cm 1 65 33 
7A 40-60 cm 1 64 35 
7A 60-80 cm 0 61 39 
7A 80-100 cm 0 60 40 
    
Z4A 0-10 cm 14 67 19 
Z4A 10-20 cm 10 65 25 
Z4A 20-30 cm 16 56 28 
Z4A 30-40 cm 16 56 28 
Z4A 40-60 cm 16 56 28 
Z4A 60-80 cm 20 55 26 
Z4A 80-100 cm 12 59 28 
    
Z7B 0-10 cm 18 66 17 
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Z7B 10-20 cm 15 66 19 
Z7B 20-30 cm 20 54 26 
Z7B 30-40 cm 18 55 27 
Z7B 40-60 cm 21 50 29 
Z7B 60-80 cm 21 50 29 
Z7B 80-100 cm 22 53 25 
    
CE3 0-10 cm 25 60 15 
CE3 10-20 cm 25 55 20 
CE3 20-30 cm 27 51 22 
CE3 30-40 cm 34 45 21 
CE3 40-60 cm 27 51 22 
CE3 60-80 cm 27 48 25 
CE3 80-100 cm 32 44 24 
    
CE6 0-10 cm 36 50 14 
CE6 10-20 cm 37 48 14 
CE6 20-30 cm 38 41 20 
CE6 30-40 cm 32 45 23 
CE6 40-60 cm 31 45 23 
CE6 60-80 cm 22 56 21 
CE6 80-100 cm 38 46 17 
    
CE10 0-10 cm 61 29 10 
CE10 10-20 cm 25 54 21 
CE10 20-30 cm 33 40 27 
CE10 30-40 cm 33 40 27 
CE10 40-60 cm 13 51 36 
CE10 60-80 cm 1 58 41 
CE10 80-100 cm 30 41 29 
 
Table 3: Percentage of Sand/silt/clay for each profile layer. Sand particles are classified as 2.0 – 
0.02 mm, silt particles 0.02 – 0.002 mm and clay particles <0.002 mm in diameter 
 The particle size analysis (Table 3) displayed relatively consistent values down the profiles. Clay 
contents in the 0-10 cm layers were generally lower than those at depth. The EMAI 7A site contained 
high silt and clay contents, and low sand content, particularly at depth. The CE10 60-80 cm layer also 
contained high clay contents and very little sand. All six soils across both sites were categorised as 
predominantly silt-loam soils (Figure 9). Tables containing field notes on soil characteristics, texture 
and type are located in Appendix 1, and the full dataset provided from the Mastersizer results is 




Figure 9: Soil textural triangle indicating the percentage of sand, silt and clay for different soil 
types. The specific categories of the individual fields sampled are marked on the triangle. Soils 




4.3. Total and Organic Carbon 
Results for the carbon contents of soils are provided below. The results from the WB OC analyses 
and the DPI lab combustion analyses are compared and total carbon contents in kg/ha are provided 
for each field. 
4.3.1. Correlation between OC and TC 
The organic carbon levels measured via the Walkley-Black method were compared with the Total 
Carbon contents measured at the DPI lab using the Dumas combustion method, as shown in Table 4. 
The two sets of measurements were highly correlated (co-efficient 0.9942). 
That the levels of organic carbon are nearly identical to the measures of total carbon indicate that 
there is very little, if any, inorganic carbon in the soils. This is not unexpected as  the soils in the 
region are generally acidic and rainfall is relatively high, so any carbonates (TIC) are leached out. For 
the rest of data analysis and discussion, only one set of C data, the DPI Dumas combustion, is used. 
References to C values, results and further calculations, including nutrient ratios and kg/ha C totals 
are all based on DPI C results. 
PIT NO Z4A Z7B 7A CE3 CE10 CE6 
Carbon 
Percentages 
WB OC TC WB OC TC WB OC TC WB OC TC WB OC TC WB 
OC 
TC 
0-10cm 5.99 5.50 4.56 4.50 2.62 2.60 5.94 5.90 5.40 5.20 4.30 4.10 
10-20cm 2.63 2.60 2.19 2.30 1.64 1.60 3.30 3.50 3.25 3.20 2.02 2.10 
20-30cm 1.55 1.60 1.01 1.10 0.83 0.91 2.00 2.30 1.13 1.20 1.35 1.50 
30-40cm 1.43 1.60 0.81 0.96 0.79 0.90 1.05 1.20 0.67 0.84 0.80 0.94 
40-60cm 1.38 1.50 0.90 0.88 0.86 0.89 0.53 0.64 0.58 0.66 0.80 0.90 
60-80cm 1.19 1.30 0.45 0.56 0.49 0.54 0.25 0.29 0.45 0.54 0.49 0.56 
80-100cm 0.81 0.98 0.26 1.10 0.38 0.96 0.28 0.35 0.45 0.47 0.36 0.44 
Correlation  0.9997 0.9813 0.9661 0.9986 0.9996 0.9989 
Correlation for all data points = 0.9942 
Table 4: WB OC and DPI TC data for the soils studied and the correlations between them 
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4.3.2. EMAI total carbon 
Within the three EMAI pits there was quite a noticeable difference in TC values, particularly in the 0-
20 cm soil layer (Table 4). The high fertility Z4A field had a TC of 5.5% in the 0-10 cm layer, 2.6% in 
the 10-20 cm layer, and then remained around 1.5% from 20-80 cm and 1% at 100 cm deep.  
An interesting feature of the Z7B and 7A pits is that TC values were lowest in the 60-80 cm layer 
(~0.55%), and then increased at 80-100 cm depth (~1.00%), where typically it would be expected 
that TC would decrease with depth (Jobbagy and Jackson 2000). It is possible this increase in TC 
levels may indicate a buried soil A horizon, but it is more likely due to poor drainage of the area. 
Both the Z7B & 7A pits were located in lower landscape positions in a valley floor. Slope at both of 
the sites was minimal (1%), allowing for little runoff of rainfall. The Z7B pit had some free water at 
90 cm depth and a drainage depression was located ~30 m away. It is likely the soils are depositional 
material from flooding of nearby Navigation Creek.  
4.3.3. Craigend total carbon 
The three Craigend fields all displayed relatively high percentages of TC (Table 4). The CE3 pit had 
the highest percentage TC of all fields in the 0-10 cm layer (5.9%), 10-20 cm (3.5%) and 20-30 cm 
(2.3%). TC% continued to decrease with depth, but did increase slightly from 60 to 100cm. This slight 
increase in TC% may be indicative of poor drainage or a buried soil profile, although these 
explanations are unlikely as the pit was located higher in the landscape. The CE10 and CE6 fields 
were similar to CE3 with only slightly lower TC%, falling consistently down the profile.  
Between the two sites (Craigend & EMAI) the main differences can found when comparing the high-
med-low fertility fields. The high fertility fields (Z4A and CE3) both contain above 5.5% TC in the 0-10 
cm layer. While the CE3 field TC% consistently falls down the profile, the Z4A field TC% remains 
higher at depth, (1.5% at 40-60 cm, 1.3% at 60-80 cm), compared to the CE3 field (0.64% and 0.29% 
respectively). A possible explanation for these higher values is the lower landscape position (back 
swamp) of the Z4A field, although the pit was not at a low point. When comparing the med (Z7B and 
CE10) and low fertility (7A and CE6) fields, the Craigend fields both contain higher percentages of TC, 
particularly in the 0-10 cm and 10-20 cm layer, although both EMAI pits show increases in TC at 80-
100 cm depth. The lower fertility CE6 Craigend field is more similar to the med fertility Z7B field than 





4.3.4. Soil carbon stocks (tonnes/ha) 
The calculated values for total carbon stocks are presented in Table 5. The main trend from the TC 
and OC data is that the highest percentages of Carbon are located in the top 0-30cm soil layer, with 
values quickly falling as depth increases.  
Table 5: Total amounts of C per hectare, for each profile layer 
Totals 
The total soil carbon contents were calculated on a kg/ha basis to a depth of 100 cm (Table 5). Soil 
TC stocks ranged from 170,184 - 292,278 kg/ha across all the fields, with a mean of 208,710 kg/ha. 
The high fertility EMAI Z4A site contained by far the highest amounts of TC (292,278 kg/ha), while 
the nearby Z7B also contained relatively high totals (212,427 kg/ha). Both of these fields were 
located in lower landscape positions and poorly drained with high clay contents (Figure 5), which 
have been linked to the high TC values (Amato and Ladd 1992; Cotching 2012). Cotching (2012) 
found the Tasmanian soils that experienced wet hydrologic regimes had relatively large mean stocks 
of soil C (98,000 -116,000 kg/ha in the upper 30 cm), as organic matter in these regimes tended to 
accumulate as soil C rather than oxidise due to relatively long periods of saturation. 
This TC range is similar to those reported in Tasmanian agricultural soils by Cotching (2012), which 
ranged from 104,000 - 292,000 kg/ha, with a mean of 155,000 kg/ha, measured to 100 cm depth. 
Agricultural soils in the Cotching (2012) study included dry land and irrigated pasture, intensive 
cropping and perennial horticulture. The mean value of 209,000 kg/ha for the sites in this study is 
therefore not unexpected, as previous Tasmanian studies have shown that soils under pasture have 
significantly greater C concentrations than soils under intermittent or continuous cropping (Sparrow, 
Cotching et al. 1999; Cotching, Cooper et al. 2001). Compared to the mean NSW soil carbon stock of 
Total C (kg/ha)       
PIT NO Z4A Z7B 7A CE3 CE10 CE6 
0-10cm 81,474 59,203 37,097 66,573 69,257 53,838 
10-20cm 41,835 34,364 25,128 43,997 47,557 31,590 
20-30cm 25,172 18,724 15,616 29,863 17,886 25,424 
30-40cm 25,335 16,451 15,407 16,750 12,666 15,554 
40-60cm 46,327 28,426 28,938 16,172 20,246 26,588 
60-80cm 40,342 18,239 17,681 9,157 18,300 16,243 
80-100cm 31,793 37,020 30,318 11,748 15,752 12,214 
Total 292,278 212,427 170,184 194,259 201,664 181,450 
Average 208,710      
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123,300 kg/ha (to 100 cm depth) (Rayment and Higginson 1992), the average of 209,000 kg/ha from 
this study is much larger. 
Distribution with depth 
The highest concentrations of TC were found in the upper 30 cm of the profiles (Table 4). Averaged 
across all sites, TC stocks in the 0-30 cm layer accounted for 57% of TC in the soil profile to 100 cm 
depth. This is consistent with the findings by Cotching (2012) for Tasmanian soils, and is due to the 
bulk of organic inputs being concentrated in these layers. Cotching (2012) makes the comparison 
between Tasmanian agricultural soils, where up to three quarters of TC is found in the surface 30 cm, 
and forestry soils where the proportion is only 43-47%. Such comparisons indicate that soil C stocks 
deeper in the profile do respond to land use change/management change, and may have 
implications for soil C sequestration (Cotching 2012). 
Although the Craigend fields have higher TC% concentrations in the upper profile layers than the 
EMAI fields, the EMAI fields (particularly Z4) contain higher values of C at depth, which contribute to 
larger TC values on a kg/ha basis. For example, TC contents (kg/ha) nearly double in the 80-100 cm 
layer for pits Z7B & 7A (Table 5). This highlights the effect sampling depth can have on final values 
for the amount of C stored in soils; for example, if sampling was limited to a depth of 30 cm, the 
differences in C stocks at depth would remain unknown.   
In order to make comparisons between similar studies, TC contents to 30 cm depth were calculated 
in kg/ha (Table 6). TC contents in the upper 30 cm ranged from 77,800 – 148,500 kg/ha, with an 
average of 120,800 kg/ha across all sites. Tasmanian soils with high clay contents, including 
Dermosols, were shown by Cotching (2012) to have C stocks of up to 155,000 kg/ha in the 0-30 cm 
layer, while sandy-loam textured soils, including Chromosols, contained mean values between 
69,000-75,000 kg/ha. Soils under wet hydrologic regimes contained between 98,000-116,000 kg/ha. 
Chan et al. (2010) studied a range of pastures in NSW and VIC, and found C stocks ranged between 
22,400-66,300 kg/ha over 0-30 cm depth with significantly higher SOC values found as a result of 
pasture improvement due to improved pasture species and P application. 
Total C (kg/ha) 
PIT NO Z4A Z7B 7A CE3 CE10 CE6 
0-30cm 148,500 112,300 77,800 140,400 134,400 110,900 
Average 120,800 
Table 6: Total carbon stocks in kg/ha, contained in the 0-30 cm profile layer for each pit. 
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Differences in soil bulk density also have a pronounced effect on TC values, as BD is multiplied by 
mg/kg C and by the layer depth to achieve TC. Thus soils with higher bulk density contain higher 
contents of TC relative to those with a lower bulk density. This is particularly noticeable in the BD 
differences between EMAI and Craigend pits in the 20-60 cm layers, for example the EMAI Z7B and 
7A sites both contain a BD of 1.71 g/cm3 at 30-40 cm depth, compared with a BD of 1.40 g/cm3 for 
the same depth in the Craigend CE3 pit (Table 2).  
Soil types 
For the 5 profiles classified as Chromosols (Appendix 2), the average stock of 216,000 kg C/ha is 
higher than the average of 118,000 kg/ha for 22 Chromosol profiles measured across the eastern 
Australian states (Rayment and Higginson 1992). The one profile classified as a Dermosol (EMAI 7A), 
contained lower C stocks of 170,000 kg/ha compared to the eastern Australian average of 197,000 
kg/ha. When viewed by state, the NSW average for Chromosols was 97,300 kg/ha, and Dermosols 
was 175,600 kg/ha (Cotching 2012). Again there is much variation between these averages, 
highlighting the importance of site specific measurements and effect local variables such as 
management, land use, vegetation and rainfall can have on soil C stocks. 
Variation between the two farms 
There was considerable variation in TC contents between the EMAI and Craigend sites, as well as 
between the individual fields. Similar variation in C contents has been reported elsewhere in 
Australia (Baldock 1999; Cotching 2012). Such large variation, even between adjacent fields, 
highlights the difficulties and limitations of using any particular dataset for C 
accounting/sequestration purposes. As a result, Cotching (2012) suggests that individual sites 
require their own baseline data with ongoing monitoring over time; and McKenzie et al. (2002) 
suggest that paired site studies can be used to gain an insight into the effects of different land 
use/management by substituting  space for time in a monitoring program. 
The high TC values from this study are likely a combined result of land use history, past management, 
soil drainage status and location. All the fields included in the study are located in a region of 
relatively high rainfall, and contain some of the higher quality soils in the area. Long histories of 
pasture use and improvement via irrigation, fertiliser application, grazing and manure have likely led 
to high C contents across the two sites. Even the relatively low fertility 7A and CE6 fields in this study 
have high C contents when compared to similar studies in TAS, NSW and VIC. The three EMAI fields 
were located in lower landscape positions with poor drainage and higher clay contents in the soils, 
both which can increase C storage in soils (Brady and Weil 2008). 
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4.4. Total Nitrogen 
Results of total nitrogen (TN) concentrations are provided in Table 7. TN contents were concentrated 
in the upper profile layers, decreasing rapidly with depth, although all pits displayed slight increases 
in TN values in deeper profile layers. 
Table 7: Total nitrogen contents (mg/kg) for each profile layer 
TN contents were fairly consistent across the high and medium fertility fields from both the Craigend 
and EMAI sites i.e. -4300-5000 mg/kg in the 0-10 cm layer, and between 1,800-2,400 mg/kg in the 
10-20 cm layer. The lower fertility fields from both sites displayed much lower TN values. For 
example, compared to the higher fertility fields, the EMAI 7A site contained less than half the 
amount of TN in the 0-10 cm layer (2,000 mg/kg) and 1,100 mg/kg in the 10-20 cm layer. Almost all 
pits displayed a slight increase in TN values at lower profile depths. The three EMAI sites had 
increases in TN at the 40-60 cm layer, while the Craigend CE3 site increased at 80-100 cm, the CE10 
site increased through 60-80 cm and 80-100 cm, and the CE6 site at 40-60 cm.  
The N values follow very similar patterns to the P values (Table 8), with high levels in the upper 20 
cm of the profiles then remaining relatively stable as depth increases. The fields containing high TP 
values (Z4A, Z7B, CE3, CE10, Table 8) also contained high TN values (Table 7). This indicates that, 
similar to TP (see section 4.5.1), TN values are closely linked with past management and use, 
including the application of N in the form of fertilisers.  
Total Nitrogen (mg/kg)       
PIT NO Z4A Z7B 7A CE3 CE10 CE6 
0-10cm 5000 4300 2000 4600 4400 2800 
10-20cm 1900 1800 1100 1900 2400 1200 
20-30cm 1100 710 610 1200 910 640 
30-40cm 970 670 710 950 700 490 
40-60cm 1100 780 770 650 600 550 
60-80cm 830 590 590 440 690 490 
80-100cm 640 420 560 500 740 410 
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4.5. Total and Organic Phosphorus 
Table 8 & 9 provide the data recorded from the phosphorus analyses. Samples were analysed for 
Total phosphorus (TP), as well as both organic (OP) and inorganic phosphorus (IP) contents. Changes 
down the soil profile in phosphorus contents and form were clearly visible, with a few interesting 
results, namely slight increases at depth in some profiles and very high P values in the CE3 pit. 
4.5.1. Total Phosphorus values 
At all sites, total phosphorus values declined relatively quickly with depth (Table 8). TP values were 
highest in the 0-10 cm layer in all pits, dropping through to the 20-30 cm layer, and then no major 
changes were observed to 100 cm depth. At the EMAI site, the pits Z4A and Z7B displayed similar 
values throughout the profile, except at the 80-100 cm depth in the Z7B, where values increased 
from 80 mg/kg at 60-80 cm depth to 113 mg/kg at 80-100 cm depth. The lower fertility 7A field had 
much lower TP values down the profile, 249 and 164 mg/kg at 0-10 and 10-20 cm respectively, then 
below 90 mg/kg down to 100cm (Table 8).  
Total Phosphorus (mg/kg)     
PIT NO Z4A Z7B 7A CE3 CE10 CE6 
0-10cm 632 682 249 1,652 951 434 
10-20cm 262 263 164 513 586 184 
20-30cm 146 105 87 254 158 101 
30-40cm 122 106 86 177 96 88 
40-60cm 111 90 92 134 69 107 
60-80cm 76 80 69 88 87 81 
80-100cm 74 113 47 99 65 78 
Table 8: Total phosphorus values for each profile layer 
The Craigend pits displayed similar trends with TP values decreasing rapidly with depth to 20-30 cm, 
and then changes in deeper profile layers were less marked. The high fertility CE3 site had 
particularly high TP values in the 0-10 cm layer (1,653 mg/kg), over 700 mg/kg higher than the same 
layer in of the medium fertility CE10 pit. This high value is consistent with previous DPI findings at 
the site (W. Dougherty, pers. comms), and is likely due to the amounts of fertiliser and manure 
applied. The site has a long history of use as a 'night paddock' where stock traditionally spent the 




4.5.2. Organic and inorganic phosphorus 
Major differences were visible when comparing the IP content between the various fields (Table 9). 
Although there are differences in OP values between the high/med/low fertility fields (Table 10), 
levels tend to be a lot more consistent at 400-500 mg/kg in the 0-10 cm layer and around 140-250 
mg/kg at 10-20 cm. IP levels on the other hand ranged from 29 to 1,151mg/kg in the 0-10 cm layer, 
or 12 – 70% of TP.  
Inorganic phosphorus (mg/kg)    
PIT NO Z4A Z7B 7A CE3 CE10 CE6 
0-10cm 194 258 29 1,151 494 107 
10-20cm 52 33 26 265 284 35 
20-30cm 21 14 12 107 64 25 
30-40cm 17 13 6 54 47 25 
40-60cm 13 9 8 34 30 24 
60-80cm 10 14 6 24 54 23 
80-100cm 12 19 7 24 31 26 
Table 9: Inorganic Phosphorus values for each profile layer 
Of the 1,652 mg/kg TP in the 0-10 cm layer of the Craigend CE3 pit, 1,151 mg/kg (or 70%) was in the 
inorganic form. For comparison the IP content of the EMAI Z4A and Z7B pits accounted for 31% and 
38% of TP respectively, for the same layer.  Such high IP values in the CE3 samples may be due to 
high amounts of fertiliser application in the field, which would be consistent with the site history and 
use.  This variation in levels of inorganic P is clearly visible when comparing amounts of phosphorus 
in kg/ha (to 100 cm depth) between various sites (Table 12). IP values range from 180 to 2,087 kg/ha, 
with 3 sites showing similar values near 500 kg/ha (Z4A, Z7B, CE6). Organic P values are relatively 
similar with all sites having close to either 2,000 kg/ha OP (Z4A, Z7B, CE3) or 1,500 kg/ha (7A, CE10, 
CE6).  
Organic Phosphorus (mg/kg)     
PIT NO Z4A Z7B 7A CE3 CE10 CE6 
0-10cm 439 424 221 501 457 327 
10-20cm 210 230 138 249 302 149 
20-30cm 124 91 75 147 94 76 
30-40cm 106 93 80 123 48 64 
40-60cm 99 80 84 101 39 83 
60-80cm 67 66 63 64 33 57 
80-100cm 62 94 40 74 34 52 
 Table 10: Organic Phosphorus values for all pits 
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The method used for phosphorus analysis should be kept in mind when comparing both OP and IP 
results. As the acid extraction method is typically used to analyse P contents in topsoils to ~30 cm 
depth, the method may not be ideal for analysing deeper soils. The 0.5 M H2SO4 used might not be of 
sufficient strength to extract all the P from the deeper samples, which are enriched with clay and its 
FE and Al components which typically tightly bind P. 
4.5.3. Phosphorus discussion 
Phosphorus entering dairy farms arrives not only as fertiliser but also in stockfeed (Lawrie, Havilah et 
al. 2004). Whatever P does not leave the farm as outputs in milk and livestock sales (surplus P) is 
likely to be stored in the soil, although some may accumulate in effluent ponds and manure spread 
around the farm. The study by Lawrie et al. (2004) assessed P budgets on NSW dairy farms, and 
included the EMAI site from this study, as well as other farms in the Camden area. Data from the 
study revealed annual amounts of P entering farms relying on pasture ranged from 10-30 kg P/ha, 
while farms using introduced stockfeed had rates of nearly 100 kg/ha. P fertiliser inputs ranged from 
7-117 kg/ha on a whole farm basis, and P outputs in milk and livestock ranged from 10-37 kg/ha. 
Specific data provided for the EMAI farm (Table 11) shows that a surplus of 73 kg/ha accumulated 
annually. Accumulation occurred unevenly across the farms, with unfertilised lanes and holding 
yards containing up to 1000+ mg/kg Colwell P in the 0-10 cm layer, paddocks receiving dairy effluent 
from 200-400 mg/kg, and some heavily fertilised grazing paddocks over 200 mg/kg. 
Inputs Outputs  Balance 
Feed Fertiliser Products sold  
36 52.5 15.5 73 
Table 11: Annual P inputs and outputs for the EMAI site in kg/ha (Lawrie, Havilah et al. 2004) 
The high P values revealed across the Craigend and EMAI sites are likely a result of a past 
management and, use introducing P to the sites in fertilisers and feed. High IP values, such as those 
shown in fields CE3 & CE10, are likely due to a surplus of fertiliser application, as inorganic 
phosphorus is associated with non-living material, and naturally occurring contents are usually very 
low at around 1% of TP in soils (Leech 2009). Fields with lower values of IP, particularly EMAI 7A, 
likely have a history of minimal P fertiliser application. The lower variation in OP values is linked to 
the organic matter content in the soil, and may be increased through the addition of dung or urine. 
The use as a night paddock or location of a feed pad (e.g., fields CE3 & CE10) would also lead to a 




4.6. Nutrient totals (kg/ha) 
Nutrient contents in kg/ha are provided in Table 12 for all fields. Totals were calculated by 
converting nutrient contents from mg/kg to kg/ha, down to a profile depth of 100 cm. 
Distinctions in TC amounts between the high/med/low fertility EMAI fields are quite clear. The Z4A 
field had the highest amounts of TC at over 290,000 kg/ha. Less variability between TC values existed 
at the Craigend fields, with all fields around 180,000 – 200,000 kg/ha.  
The Craigend fields all contained high TP values, particularly when compared with the equivalent 
fertility status fields at the EMAI site. Of particular interest are the CE3 and CE10 fields, which 
contained the highest TP and IP values. While the OP totals for these two fields were quite similar to 
the other fields, the IP totals were much larger. IP totals at CE3 and CE10 were equal to their OP 
totals (~2,000 kg/ha & 1,600 kg/ha respectively), while IP values at other fields accounted for much 
less of the TP content (~ 30% at CE6 and 25% at Z4A and Z7B).  
Clear distinctions and large variation in TN content were visible at both the EMAI and Craigend sites. 
The Z4A field contained the highest TN values overall (21,780 kg/ha), nearly double that of the low 
fertility CE6 field (11,562 kg/ha). The medium fertility CE10 field contained the highest amounts of 
TN of all the Craigend fields (18,498 kg/ha).   
Nutrient Totals (kg/ha) High Med Low High Med Low 
PIT NO Z4A Z7B 7A CE3 CE10 CE6 
Total C 292,278 212,427 170,184 194,259 201,664 181,450 
Total P 2,602 2,581 1,586 4,035 3,242 1,931 
Organic P 2,066 2,005 1,403 1,947 1,615 1,443 
Inorganic P 538 575 180 2,087 1,627 488 
Total N 21,780 16,558 13,047 15,173 18,498 11,562 







4.7. Stoichiometric nutrient ratios 
The C:N, C:P, N:P and C:N:P molar ratios are provided for each profile layer below. The nutrient 
ratios provide an indication of the relationships between different nutrients. 
  C:N  C:P N:P          C:N  C:P N:P 
CE 3 0-10 cm 15 92 6        Z4A 0-10 cm 13 225 18 
CE 3 10-20 cm 21 176 8        Z4A 10-20 cm 16 256 16 
CE 3 20-30 cm 22 234 10        Z4A 20-30 cm 17 284 17 
CE 3 30-40 cm 15 175 12        Z4A 30-40 cm 19 338 18 
CE 3 40-60 cm 11 123 11        Z4A 40-60 cm 16 348 22 
CE 3 60-80 cm 8 85 11        Z4A 60-80 cm 18 440 24 
CE 3 80-100 cm 8 91 11        Z4A 80-100 cm 18 342 19 
                 
CE 6 0-10 cm 17 244 14        Z7B 0-10 cm 12 170 14 
CE 6 10-20 cm 20 295 14        Z7B 10-20 cm 15 226 15 
CE 6 20-30 cm 27 384 14        Z7B 20-30 cm 18 270 15 
CE 6 30-40 cm 22 276 12        Z7B 30-40 cm 17 235 14 
CE 6 40-60 cm 19 217 11        Z7B 40-60 cm 13 254 19 
CE 6 60-80 cm 13 179 13        Z7B 60-80 cm 11 182 16 
CE 6 80-100 cm 13 146 12        Z7B 80-100 cm 31 251 8 
                 
CE 10 0-10 cm 14 141 10        7A 0-10 cm 15 269 18 
CE 10 10-20 cm 16 141 9        7A 10-20 cm 17 252 15 
CE 10 20-30 cm 15 196 13        7A 20-30 cm 17 269 15 
CE 10 30-40 cm 14 226 16        7A 30-40 cm 15 271 18 
CE 10 40-60 cm 13 247 19        7A 40-60 cm 13 249 18 
CE 10 60-80 cm 9 160 18        7A 60-80 cm 11 202 19 
CE 10 80-100 cm 7 187 25        7A 80-100 cm 20 524 26 
Table 13: Nutrient ratios for all profile layers of the pits sampled  
 
4.7.1. Carbon - Nitrogen ratios 
The C:N molar ratios for the EMAI sites tended to increase down the profile, with ratios peaking at 
around 20-30 cm depth, before decreasing in lower profile layers (Table 13, Figure 10). Ratios in the 
upper layers displayed quite a narrow range, but were more variable at lower depths. Caution must 
be taken when drawing conclusions from the deeper profile data as ratio values are calculated by 
dividing small numbers by even smaller numbers (mmol C/mmol N), thus greater errors may occur. 
C:N ratios at the Craigend pits also followed similar patterns, increasing to a peak ~20-30 cm depth, 
then decreasing in lower profile layers (Figure 11). The CE3 and CE6 ratios displayed a greater range 
down the profile than the CE10 pit. The overall C:N ratio for all sites (representative of the region) is 





Figure 10: Changes in the C:N ratio down the profiles for the EMAI sites.  
 
 
Figure 11: Changes in the C:N ratio down the profiles for the Craigend sites. There is a substantial 
increase in the C:N  ratio at the 20-30 cm layer of the CE6 & CE3 sites, but is not thought to 





Figure 12: The relationship (molar ratio) between TC and TN for all sites. The line of best fit 
provides an R2 value of 0.937, indicating a high correlation. The average C:N nutrient ratio for all 
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4.7.2. Carbon : Phosphorus ratios 
C:P ratios generally increased with depth to a maximum around the 20-30 cm profile layer, while 
deeper layers were more variable with no clear patterns emerging (Figure 14 & Figure 14). The 
Craigend CE3 and CE6 site C:P ratios displayed very similar patterns down the profile to 100 cm, with 
changes relatively parallel, and the CE6 site displaying higher values (Figure 14). C:P ratios increased 
to a peak in the 20-30 cm layer, then decreased with depth.  
 
Figure 13: Changes in the C:P ratio for each profile at the Craigend pits 
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One TP value had a large effect on the overall average, and could possibly be considered an outlier. 
The CE3 0-10cm layer contained a TP value of 1,652 mg/kg (Table 8), which was over 700 mg/kg 
greater than the next highest TP value recorded (951 mg/kg for the CE10 0-10cm layer). When the 
high CE3 value is included in the dataset, the average C:P molar ratio for all sites is 141:1, with an R2 
value of 0.795 (Figure 15). Excluding this value from the dataset has the effect of increasing the C:P 
ratio to 182:1, and improving the line of best fit with an R2 value of 0.875 (Figure 16). 
The average C:P ratios for each pit (Table 13) show the EMAI sites had noticeably higher C:P ratios 
compared to the Craigend sites. The Z4A pit had the highest average C:P ratio of 319:1, compared 
with the lowest ratio of 140:1 in the CE3 pit (which contained the outlier). Correlating C with only 
the OP fraction provides a ratio of 312.5 (Figure 17). 
 
 
Figure 15: The relationship (molar ratio) between TC and TP for all sites. The high CE3 TP value is 
included in the dataset, visible in the top right-hand corner of the chart. The line of best fit 
provides an R2 value of 0.795, indicating a high correlation. The average C:P nutrient ratio for all 
sites is 141:1 
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Figure 16: The relationship (molar ratio) between TC and TP for all sites, excluding the high CE3 TP 
value. Exclusion of this data point increases the ratio to 182:1, and the line of best fit to 0.875, 
providing higher correlation 
 
 
Figure 17: The relationship (molar ratio) between TC and OP for all sites. Using only the OP values 
increases the R2 value to 0.94 and provides a C:OP ratio of 1:312.5 
y = 0.0055x - 1.0797 
R² = 0.8747 
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4.7.3. Nitrogen : Phosphorus ratios 
There were no clear patterns in N:P ratios down the profile, with some pits displaying increases 
while others displayed decreases as depth increased (Figure 19 & Figure 19). When comparison is 
made between ratios in the upper profile layers (where ratios maintain higher accuracy) the EMAI 
pits have a smaller range between 14:1 and 18:1, while the Craigend pits range from 6:1 and 14:1 
(Table 13). The EMAI pits did have higher ratios than the CE3 pits when viewed as a group.  
The high CE3 TP value (1,652 mg/kg in the 0-10cm layer) was also a factor when calculating the 
regional N:P ratio. When the high data value was included in the dataset, the N:P ratio was 10:1, 
with an R2 value of 0.78 showing a good fit of the trend line (Figure 20). When the high value was 
excluded from the dataset, the N:P ratio increased to 13:1 and correlation improved with the R2 
value rising to 0.87 (Figure 21).  
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Figure 19: Changes in the N:P ratio for each profile at the Craigend pits 
 
 
Figure 20: The relationship (molar ratio) between TN and TP for all sites. The high CE3 TP value is 
included in the dataset, visible in the top right-hand corner of the chart. The line of best fit 
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Figure 21: The relationship (molar ratio) between TN and TP for all sites, excluding the high CE3 TP 
value. Exclusion of this data point increases the ratio to 13:1, and the line of best fit to 0.874, 
providing higher correlation 
4.7.4. Overall ratio & comparisons 
The average molar C:N ratio of 14.6 is slightly higher than the range found for humus by Kirkby et al. 
(2011) of 10 to 13:1, but may be due to different methods and sample preparation. For Australian 
soils, Kirkby et al. calculated an average C:N ratio of 11.8, with international soils having an average 
of 11.2. Himes (1998) suggested that the humus fraction of soils contained a constant C:N ratio of 
12:1, while Brady & Weils (2008) report a range of 8:1 to 15:1 for cultivated soils, with a median near 
12:1. Tian et al (2010) report a C:N ratio of 14.4 for the 0-10 cm layer of Chinese soils, and a number 
weighted average of 12:1.  
In a long term Irish trial, Griffiths et al. (2012) found that soil C, N and P generally accumulated with 
increasing fertiliser. Their results showed soil N to have a strong, positive linear correlation with soil 
C (r2 = 0.92), with stable C:N ratios (12.05), slightly lower than that of 14.6 (r2 = 0.94) from this study. 
Treatments across their sites involved annual application of P fertiliser at rates of 0, 15 and 30 kg P 
ha-1 across 12 replicates. C:P and N:P ratios declined significantly with added P in the Irish trial. 
Unfertilised plots were high (C:P = 301.9, N:P = 24.62), over-fertilised plots were low (C:P = 156.0, 
N:P = 13.10) with a mean C:P of 219.0 and N:P of 18.13.  
y = 0.0769x - 0.3706 
R² = 0.8736 
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The average C:P  values from this study (182 excluding the high CE3 P value, 141 including it) tend to 
be closer to the over-fertilised values, indicating high fertiliser application or a surplus of P in the 
soils. Individual fields follow similar trends, for example the CE3 field with very high levels of P 
displayed a C:P ratio of 140, while the 7A field with low P values had a C:P ratio of 291 (Table 13). 
In the review of International and Australian soils, Kirkby et al. (2011) discovered relatively weak 
correlations between soil C & TP (R2 values of 0.59 and 0.57), and suggested the variation was due to 
both measurement techniques of OP and variation in the IP fraction itself due to differing rates of 
fertiliser application. In an attempt to account for this variation, soil C was correlated with OP and an 
improved correlation of 0.74 in Australian soils was achieved.  Similarly, when OP was correlated 
with TC across the 6 pits in this study (Figure 17), the R2 value improved from 0.80 to 0.94 and a 
C:OP ratio of 313:1, compared to 187:1 from Kirkby (2011). This improvement shows there is more 
variation between sites in IP values, and therefore fertiliser amounts, than the organic P fraction of 
the soils. 
The average N:P ratio from this study (10 including the high CE value, 13 excluding it) is close to the 
over-fertilised Irish value of 13.1 (Griffiths, Spilles et al. 2012). Excluding the CE3 site completely 
raises the average to 16.4, which falls in the middle of the Irish values (sites receiving 15 kg P ha-1). 
The overall C:N:P ratio from this study was 192:12:1. This compares to Griffiths’ (2012) high P 
treatment (30 kg P ha-1) of 156:13:1, and the low P treatment (0 kg P ha-1) of 302:25:1. Cleveland & 
Liptzin (2007) also provided a similar ratio for global soils of 186:13:1, and soil microbial biomass 
60:7:1. The Chinese study by Tian et al. (2010) displayed low ratios across entire profile depths (C:N 
= 11.9, C:P = 61, N:P = 5.2, C:N:P = 60:5:1), but higher ratios in the 0-10 cm layer (C:N = 14.4, C:P = 





4.8. General discussion 
4.8.1. Phosphorus 
As discussed in Section 4.5.3, the high P values observed in this study are most likely a result of 
fertiliser application and management history. Higher accumulations of nutrients, particularly P, 
occurred in the more fertile, more frequently used fields. Similar findings occurred in Victoria, where 
Aarons et al (2004) showed how stock management is a major contributor to nutrient accumulation 
areas on a Gippsland dairy farm, with high P levels (Olsen P) in the 0-5 cm layer of 60 mg/kg in 
paddocks and over 200 mg/kg in nearby standoff areas. Similarly,  the findings of Lawrie et al (2004) 
showed P accumulated unevenly across NSW dairy farms, with laneways and holding yards 
displaying >1000 mg/kg Colwell P in 0-10 cm topsoils, paddocks receiving effluent from dairies 
containing 200-400 mg/kg Colwell P, and heavily fertilized grazing paddocks containing over 200 
mg/kg Colwell P. 
The field TP values observed in this study (Table 8) ranged from 249 - 1,652 mg/kg in the 0-10 cm 
layer, indicating an accumulation of P in the soils. This accumulation likely comes from fertilisers 
and/or feed inputs, and may result in negative off-farm environmental impacts from nutrient runoff, 
as well as impacts on animal health and production (Gourley, Powell et al. 2007). Excess P in dairy 
farm soils can also result in increasing soil P levels beyond agronomic requirements (Gourley 2004), 
as was the case in some NSW dairy farm paddocks studied by Lawrie (2004). Continual P inputs in 
feed supplements and fertilisers are an unnecessary expenditure for farmers when soil P levels are 
already at or past their optimum. 
The regular testing of soil P levels could help farmers manage inputs and maintain P levels in the 
ideal range.  By basing P fertiliser applications on regular soil testing, farmers could save significant 
amounts of money and substantially reduce the amount of P introduced to the farm (Lawrie, Havilah 
et al. 2004). The development and implementation of a nutrient budgeting system combined with 
regular soil teaching would be an ideal management tool in these situations to assist in decision 
making and nutrient management. 
4.8.2. Controls of nutrient concentrations and distribution 
The major environmental controls on SOC production and decomposition are generally climate, 
vegetation, topography, soil properties and drainage (Chan, Oates et al. 2010). These controls on 
SOC are displayed in regional patterns, with SOC positively associated with mean annual 
precipitation and clay content, and negatively correlated with mean annual temperature, both 
internationally (Jobbagy and Jackson 2000) and in Australia (Cotching 2012).  
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Cotching (2012) provides evidence of this trend in Australia with an increase in C stocks shown from 
Queensland to Tasmania, and suggests this is a result of decreasing annual temperature and 
increasing annual precipitation from north to south, resulting in greater production and less 
oxidation of organic matter under cooler temperatures (Baldock 1999). 
The sites investigated in this study were located close together with minimal differences in climate 
and rainfall (Figure 7), thus it is unlikely that rainfall would explain the differences in nutrient 
contents.  In a similar study on SE Australian pasture soils, Chan et al (2010) did not find a significant 
relationship between pasture SOC stocks and rainfall, which varied between  600-800 mm/yr.  
Land use and management have been known to have a significant effect on the nutrient levels in 
dairy farm soils (Cotching, Cooper et al. 2001; Chan, Oates et al. 2010). It is highly likely that the total 
C values as well as the differences in C, N & P contents between the individual sites (Table 12) can 
largely be explained by management, more specifically fertiliser and stocking rates. 
P fertiliser use has been shown to increase soil carbon to depths of 30 cm on Australian dairy farm 
soils (Chan, Oates et al. 2010). The study found that pasture improvement using P fertiliser resulted 
in soil carbon concentrations 29% higher than values from unimproved pastures, although the 
increase was only significant in the <53 µm fraction of the soils. It was also found that 60.9% of SOC 
variation was due to increases in P fertilisation. Thus, when weighing up all the factors that control 
SOC & nutrient contents, it is likely that a significant proportion the totals are a result of P fertiliser 
application, stock management and intensity of use.  
As described in Section ‎4.1, the highest concentrations of C were found in the upper profile layers 
(Table 4). These findings are consistent with those in Tasmanian soils by Cotching (2012). Also of 
interest though are the large amounts of carbon stored in soils below 30 cm depth (Table 5). 
4.8.2.1. Soil drainage status 
The SOC contents in the deeper soils are likely a result of soil drainage status and soil texture. 
Davidson (1995) states that poorly drained soils are characterized by remarkably high SOC contents. 
Meersmans et al. (2009) provides evidence of this for Belgian pastures, where the drainage status of 
soils was shown to have a major impact on SOC distribution with depth; while a similar study found a 
strong correlation between the depth of the ground water table and the SOC stock in Flanders in the 
1960s (Meersmans, De Ridder et al. 2008). 
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Observations made in the field at the three EMAI fields (Appendix 2) described the poor drainage 
status, some evidence of free water at depth and the low landscape position of the sites (visible in 
the EMAI aerial image, Figure 5).  
4.8.2.2. Soil texture 
Soil texture has also been shown to play an important role on C storage, with increasing clay content 
decreasing C outputs (losses) through its stabilising effect on SOC (Paul 1984). Although the clay 
content of the soils did vary slightly between sites (Table 3), no significant relationship between clay 
content and TC values was found for this study. This is not to say the trend does not exist across 
these sites. All soils were of similar texture, and the data set was relatively small and unable to 
provide any statistically robust results. This result is similar to that of Hiederer (2009) who explains 
the lack of a significant trend between clay content and SOC content in European profiles may be 
due to the lack of available data from the study, suggesting that data from more profiles would be 
needed to identify any relationships for specific soil types. A larger study including a wider range of 
soil types may well highlight this relationship.  
4.8.2.3. Decomposition rates 
Gill et al (1999) have also shown the vertical distribution of C in the soil is much deeper than the 
vertical distribution of roots, which suggests a decrease of SOC decomposition rate with depth. 
Radiocarbon 14C dating studies have confirmed this, finding more stable C with greater turnover 
times in deeper soil layers (Trumbore 2000).  
The main cause of reduced rates of SOC decomposition at depth has been shown by Fontaine et al. 
(2007) to be the lack of fresh organic C in deeper soil layers, which restricts the energy supply to 
microbes. Another possible explanation for the large amounts of C at depth may be due to migration 
of SOC as a result of leaching and vertical mixing of soil organisms, suggested by Jobbagy & Jackson 
(2000). 
4.8.3. Carbon sequestration potential 
In a 2008 NSW DPI scoping paper, Chan et al. state that ‘Considerable SOC sequestration potential 
exists in NSW agricultural land, the highest potential exists in pasture land in the higher rainfall 
regions (>450 mm), both as permanent pastures or as ley pasture in the cropping zone’ (Chan, Cowie 
et al. 2009). 
The soil C stocks to 30 cm in SE Australian pastures measured by Chan (2010) displayed a range 
between 22,000 – 66,000 kg C/ha, and Tasmanian soils contained 49,000 – 117,000 kg C/ha over the 
same depth (Cotching 2012). Results from this study over the same depth (78,000 – 149,000 kg C/ha, 
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Table 6) show clear differences in the TC contents between nearby fields. The differences between 
the fields obviously represent a potential carbon sink, inferring that there is capacity within these 
individual pastures to sequester more C than they currently contain. But when compared to a 
regional assessment of pasture C contents (such as that by Chan 2010), the Camden values appear 
relatively high. This may suggest that soils in the region are closer to their C saturation point, that is, 
C contents are closer to their full potential than those in the other studies.  
4.8.3.1. Rates of SOC sequestration 
It has been suggested that improved pasture management practices can sequester C at rates of 110 
to 3,040 kg C/ha/year (Conant, Paustian et al. 2001). In a review of 115 worldwide studies, Conant et 
al. (2001), found that management practices such as fertilisation, grazing management, conversion 
from cultivation and native vegetation, sowing of legume-grass mixtures, earthworm introduction 
and irrigation all resulted in increases in soil C.  
For warm moist climates, representative of NSW coastal cropping areas, Smith et al (2008) reviewed 
studies to estimate the annual mitigation potential accounting for changes in all GHG emissions 
associated with increasing SOC.  The average derived figure was 630 kg C ha/yr under the 
implementation of best management practices, with a large range of 260-1,300 kg C ha/yr. The large 
range in values was likely due to different starting SOC levels, time periods and site productivity 
factors. 
Gifford et al (1992) demonstrated that significant increases in SOC of 500 kg/ha/year can result from 
improvements being made to permanent pastures, such as sown pasture or fertiliser application, 
and report that long term Australian trials have maintained this rate of SOC improvement for at least 
40 years (Russel and Williams 1982). 
Long term trials using phosphorous and lime application have also led to soil carbon sequestration 
rates of 388-464 kg/ha/yr between 1992 and 2005 (Chan, Cowie et al. 2009). An estimate is also 
made that farmers in the Southern Tablelands of NSW have between 20-40% of their farms under 
unimproved native pasture, with substantial potential for improvement in SOC content if subjected 
to best management practices. 
Several international studies have also investigated SOC changes in pastures due to management. 
Temporal changes of SOC distribution with by depth have been explored in New Zealand (Schipper, 
Baisden et al. 2007), where significant losses were observed (0.106 kg C m-2 yr-1) over the entire soil 
profile of a long term grassland after 17-30 years. The losses were attributed to management 
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practices such as the redistribution of organic matter inputs by grazing cattle or changes in pasture 
species composition and litter quality.  
In their paper on Belgian agricultural soils, Meersmans et al. found that SOC stocks in grasslands 
increased over the period 1960 – 2006, particularly at 0.2 – 0.7 m depth, under dry to moderately 
wet grassland in loam and sand textured soils (Meersmans, van Wesemael et al. 2009). Increases in 
SOC were measured at 0.65 ± 1.39 kg C m-2 and 2.35 ± 1.91 kg C m-2 down a 1 m profile. It was 
suggested these increases occurred due to higher manure inputs from increased cattle density over 
the period. Likewise, increases of 1.9 kg C m-2 were observed  by Goidts and van Wesemael (2007) 
over a similar period in dry to moderately wet silt loam grassland soils, with the increase due to 
increased cattle density from 2.8 – 5.6 livestock per ha in the last 40 years. 
As mentioned above, it must be kept in mind that SOC stocks may only increase until the 
environmental equilibrium level is reached, which may occur after 50-100 years of improved 
management practice (Chan, Cowie et al. 2009). Many of the best management practices that are 
effective in increasing SOC in agricultural soils also improve productivity and profitability, conserve 
the natural resource base and protect the environment. Thus even if SOC contents are not increased 
significantly, improving management practices may still result in environmental and financial 
benefits. Results and management techniques from international studies may not all be applicable 
locally due to the differences in the Australian climate, rainfall, soil and vegetation types (Chan, 
Cowie et al. 2009). The design and implementation of nutrient management strategies should be 
tailored to suit the local situation. 
4.8.4. Carbon accounting 
The range of values of TC between individual fields in this study (Table 12) highlights the danger in 
making assumptions/predictions of TC contents based on nearby soil types or C contents, climate or 
rainfall data. Cotching (2012) notes that for carbon accounting and trading purposes, it is critical to 
determine initial soil C stocks at individual sites and farms, because the initial soil C content will 
determine whether there is potential for current or changed management practices to result in soil C 
sequestration or emission. The adoption of a derived baseline could result in the overestimation of C 
sequestration in soils that already have high C contents (close to their C-saturation capacity and will 
store little additional soil C), or under-estimation for soils that are well below their saturation 
capacity (i.e., have low soil C stocks for that particular soil type, and are below their long term 
equilibrium level) (Chung, Ngo et al. 2010). The ease with which such mistakes could be made is 
evident in the results from this study. For example, if one were to use the total C contents of EMAI 
field Z4A (292 tonnes/ha) as a baseline for the entire farm without measuring adjacent fields, the 
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sequestration potential could be largely underestimated as nearby field 7A contains only 170 
tonnes/ha.  
For SOC to be viable in an emissions trading scenario, there is a need for low cost methods of 
measuring and monitoring SOC contents. Supporting new and existing long term trials is necessary 
to assess the effect of different management practices, soil types and agricultural systems on SOC 
sequestration rates and potential. The effects and interaction of SOC sequestration with emissions 
of other GHG’s, namely N2O and CH4 (from fertiliser production and cattle), also need to be 
quantified so a true picture emissions balance is provided.   
The management of pastures through fertiliser application involves hidden GHG emission costs 
which were modelled by Lee and Dodson (1996). The application of 70 kg N ha/year resulted in the 
sequestration of 0.16 tonnes C ha/year. But the production of one kilogram of nitrogen emitted ~1.4 
kg C, which reduced the net C sequestration to 0.06 tonnes C ha/year. The application of nitrogen 
fertilizers to grasslands also significantly contributes to N2O emissions (Oenema, Velthof et al. 1997). 
It should also be noted that the SOC that is sequestered is not permanent, and can be lost if best 
management practices are stopped. 
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5. Conclusions and Recommendations 
5.1. Conclusions 
This study has shown that large amounts of C, N and P are stored in the pasture soils of two typical 
dairy farms in the Camden region of NSW. Total C contents calculated to 100 cm depth ranged from 
170,184 - 292,278 kg/ha, total N contents ranged from 11,562 - 21,780 kg/ha, and total P contents 
ranged from 1,586 - 4,035 kg/ha. Substantial differences exist between fields of varying agricultural 
intensity, and are likely due to fertiliser application, management history, stocking rates, and to a 
lesser extent, soil drainage status & texture.  
The majority of nutrients are concentrated in the upper 30 cm of the soil profile, although sampling 
to a depth of 100 cm has shown significant amounts are also contained in deeper profile layers. 
Virtually all the C is in the organic form, while large variations in IP content were found, a likely result 
of past fertiliser application.  
Nutrient molar ratios were examined down the profiles and compared to similar studies in the 
literature. The overall C:N:P ratio from this study was 192:12:1, which is close to the global average 
provided by Cleveland & Liptzin (2007). 
5.2. Recommendations 
From the findings of this study, it is recommended that the application of P fertiliser on pasture soils 
be based on regular soil testing of P levels to ensure that excess amounts are not added. The regular 
testing of pasture soils would provide farmers with an idea of what areas are in need of nutrients 
and what area already contain high amounts. The design and implementation of a farm nutrient 
budget would be a useful tool in accounting for inputs and outputs, resulting in financial benefits for 
the farmer and a more accurate picture of how and where nutrients are stored around the farm. 
In order to increase SOC contents of soils, it is recommended that  baseline SOC values first be 
established so management techniques are applied to the right fields. Increasing stocking rates and 
fertiliser application to fields with potential for storing SOC may increase levels in the soils, but the 
outcome is dependent on a range of factors. Long term monitoring of SOC and nutrient levels is 
recommended to  determine how the individual soils respond to management techniques, and how 
values change over time. Future studies may include more sites, from different sections of each field, 
different locations around the farm and different locations in the region. The inclusion of more sites 
in future studies would provide a broader picture of the SOC and nutrient contents in soils, and 
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provide a larger dataset which could be analysed with statistically valid results. It is also 
recommended that sampling includes deeper soil profiles, as it has been shown that large SOC and 
nutrient contents exist below the 30 cm profile layer. One aspect that was not explored in this study 
and may provide further insights is the composition of the SOM within the soils, for example, the 
amounts of fulvic acid, humic acid, and non-humic substances. Knowledge of the nature of organic 
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Appendix 1: Sampling and soil profile images  


















EMAI Z7B field site overview and pit profiles 
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EMAI 7A field pit profiles. Inserted bulk density cores can be seen in 




























 CE3 CE6 CE10 Z4A Z7B 7A 
Colour and texture of the six soil profiles, from 0 - 100 cm depth 
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Appendix 2: Site description tables 
The following site descriptions are taken from notes made in the field. All soil profile descriptions are only to the depth of excavation, which was 100 cm. 
Lower layers likely extend beyond this unless specified. 
CE3 - High Fertility 
Ryegrass clover dairy pasture, slope 5%, 50 m from crest, high fertility site used for manure from dairy and feed pad application over a long period of 
time, 100% ground cover, periodically cultivated 
GPS coordinates : -34.109171 S, 150.555906 E 
Layer Type Depth Structure Munsell soil colour 
1 A1 0-18cm Well structured clay loam with lots of roots 10YR 2/2 
2 A2 18-26cm Clear upper boundary, well structured sandy clay loam 10YR 4/3 
3 B1 26-40cm Clear upper boundary, well structured blocky angular light clay 10YR 4/4 
4 B2 40-85cm Diffuse upper boundary, moderately structured angular blocky medium clay Dominant 2.5YR 3/6  
Grey mottles (30%), 2.5Y 7/2 
5 C 85-100cm Sub-angular gravel of 5-10 mm in a medium heavy clay Dominant 2.5Y 7/0  
Some yellow mottles (10%) 
Australian soil classification : (Isbell 1996) Eutrophic Brown Chromosol 
CE10 - Medium Fertility 
High fertility kikuyu/ryegrass paddock, used as old night paddock on dairy, crest of hill, 3% slope, local relief ~30m 
GPS coordinates : -34.115122 S, 150.556142 E 
Layer Type Depth Structure Munsell soil colour 
1 O1 0-3cm Fibric peat comprised of lots of undecomposed plant material  
2 A1 3-18cm Abrupt upper boundary, well structured clay loam with lots of roots 10YR 4/2 
3 B1 18-40cm Clear upper boundary, weakly structured light clay 5YR 5/6 
4 B2 40-80cm Gradual upper boundary, weakly structured medium clay 5Y 5/6 (50%), 5Y 7/0 (50%) 
5 C 80-100cm Massive-weak structure heavy white clay, with mottles and some rock fragments (5-10mm) 2.5Y 7/0, Mottles 10YR 7/8 (5%) 
Australian soil classification : (Isbell 1996)  Eutrophic Brown Chromosol 
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CE6 - Low Fertility 
Low fertility Rhodes grass, kikuyu, couch pasture, 5% slope, mid slope position, little run-on. Local relief ~15m 
GPS coordinates: -34.108815 S, 150.560567 E 
Layer Type Depth Structure Munsell soil colour 
1 A1 0-15cm Crumbly well structured clay loam with lots of roots 10YR 2/2 
2 B1 15-30cm Gradual upper boundary layer, some fine gravel (<5%) 10YR 4/3 (light clay) 
3 B21 30-80cm Uniform, gradual upper boundary, moderately structured medium clay 5 YR 4/4 (80%) 
~20% mottles of colour 5YR 4/6. 
4 B22 80-100cm Diffuse upper boundary similar to above in colour,  with weakly structured 
peds with shiny red faces 
10 YR 5/4 
~20% mottles 2.5Y 4/6  
(medium clay) 
Australian soil classification : (Isbell 1996)  Eutrophic Brown Chromosol 
EMAI Z4A - High Fertility 
Lower landscape position, back swamp but not at low point, kikuyu and ryegrass pastures with frequent fertiliser and grazing and irrigation, slope 0.5% 
GPS coordinates : -34.108616 S, 150.704709 E 
Layer Type Depth Structure Munsell soil colour 
1 A1 0-20cm Well-structured clay loam with lots of fine roots 10YR 2/1 
2 B1 20-40cm Clear upper boundary, a moderately structured, blocky angular medium clay 10 YR 2/1 
3 B21 40-90cm Abrupt upper boundary, it is a weakly structured heavy clay with lenticular 
peds 
10 YR 2/1 
4 B22 90-100cm Abrupt upper boundary, is a weakly structured heavy clay 2.5Y 4/2 




EMAI Z7B - Medium Fertility 
Low fertility paddock, couch/kikuyu pasture, lower part of valley floor, drainage depression ~30m away (probably natural drainage line that has been 
excavated), some free water at ~90 cm. Material would have been depositional from floods. Slope 1%, site is poorly drained. 
GPS coordinates : -34.103641 S, 150.70516 E 
Layer Type Depth Structure Munsell soil colour 
1 A1 0-10cm Clay loam with a crumbly good structure and lots of fine roots 10YR 3/2 
2 B1 10-23cm Abrupt upper boundary, well structured, crumbly light clay 10YR 3/1 
3 B21 23-55cm Clear upper boundary, moderately/weakly structured with small (1-3 mm) 
ferromagniferous segregations (<5%), some mottling 
10YR 4/4, Mottles 2.5Y 5/6 (<5%) 
4 B22 55-100cm Gradual upper boundary, moderately/weakly structured with lenticular peds 
of 5-10mm, some peds have iron/manganese coatings (shiny faces). Some 
grey mottling 
10YR 5/4, Mottles 2.5 Y 6/4 (10%) 
Australian soil classification : (Isbell 1996)  Eutrophic Brown Chromosol 
EMAI 7A - Low Fertility 
Lower landscape position in valley floor adjacent to Navigation Ck, slope 1%, mixed kikuyu/paspalum pasture, fertiliser and grazed irregularly, also poorly 
drained and derived from depositional material from floods. 
GPS coordinates : -34.103667 S, 150.706941 E 
Layer Type Depth Structure Munsell soil colour 
1 A1 0-25cm Clay loam with a crumbly good structure and lots of fine roots 10 YR 4/3 
2 B1 25-60cm Clear upper boundary, a weakly structured light/medium clay with lenticular 
peds 
2.5 Y 4/4 
3 B2 60-100cm Gradual upper boundary, is a weakly structured heavy clay with lenticular 
peds, some grey mottling 
2.5Y 4/4, Mottles 2.5Y 6/4 
Australian soil classification : (Isbell 1996)  Eutrophic Brown  Dermosol 
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Appendix 3: Raw particle size data from the Malvern Mastersizer 2000 
Sample Name sand Silt clay Clay2um D [4, 3] –  
Volume weighted mean 
Mode Mode2 Mode3 Mean (micron) Mean StdD GSkew Kurt Phi5 Phi95 
7A 0-10 5.75 75.56 18.69 9.79 22.009 24.461 0 0 12.85 6.28 1.79 0.25 0.99 3.92 9.77 
7A 0-10 4.03 75.55 20.42 10.4 22.42 18.369 290.53 0 10.98 6.51 1.73 0.22 1 4.12 9.8 
7A 0-10 1.24 74.6 24.17 12.19 14.554 13.702 0 0 8.85 6.82 1.67 0.19 0.98 4.49 9.93 
7A 0-10 - Average 3.67 75.23 21.09 10.79 19.661 17.621 0 0 10.76 6.54 1.75 0.21 0.99 4.14 9.84 
7A 0-10A 13.77 69.58 16.65 8.85 47.91 27.909 463.34 0 15.98 5.97 2.15 0.1 1.24 1.9 9.68 
7A 0-10A 12.7 67.25 20.06 11.23 36.531 27.856 309.95 0 13.92 6.17 2.1 0.18 1.01 3.01 9.97 
7A 0-10A 13.39 69.21 17.41 9.26 47.166 27.127 463.07 0 15.36 6.02 2.18 0.09 1.23 1.87 9.73 
7A 0-10A - Average 13.28 68.68 18.04 9.78 43.869 27.618 445 0 15.06 6.05 2.11 0.14 1.13 2.48 9.81 
7A 10-20 23.14 61.57 15.29 8.68 82.897 29.936 410.63 0 24.3 5.36 2.55 0.01 1.27 1.15 9.7 
7A 10-20 23.11 61.59 15.3 8.68 79.046 30.017 377.13 0 24.41 5.36 2.54 0.01 1.25 1.26 9.7 
7A 10-20 26.85 58.63 14.52 8.24 98.612 30.304 406.82 0 31.88 4.97 2.76 -0.05 1.2 1.05 9.64 
7A 10-20 - Average 24.37 60.6 15.04 8.53 86.852 30.079 398.01 0 27.73 5.17 2.66 -0.03 1.24 1.14 9.69 
7A 20-30 8.91 63.95 27.14 14.14 31.967 13.607 312.64 0 9.86 6.66 2.13 0.02 1 2.94 10.06 
7A 20-30 9.05 63.2 27.74 14.47 33.876 12.186 349.8 0 9.71 6.69 2.17 0 1.02 2.75 10.08 
7A 20-30 7.06 64.55 28.39 14.8 25.717 12.127 307.26 0 9.24 6.76 2 0.06 0.9 3.7 10.1 
7A 20-30 - Average 8.34 63.9 27.76 14.47 30.52 12.638 323.43 0 9.6 6.7 2.07 0.04 0.94 3.35 10.08 
7A 30-40 1.45 65.49 33.06 15.94 12.885 9.225 0 0 7.1 7.14 1.75 0.04 0.91 4.47 10.06 
7A 30-40 1.49 65.46 33.05 15.94 12.932 9.034 0 0 7.11 7.14 1.76 0.04 0.91 4.46 10.06 
7A 30-40 1.47 65.45 33.08 15.96 12.879 9.207 0 0 7.09 7.14 1.75 0.04 0.91 4.47 10.06 
7A 30-40 - Average 1.47 65.47 33.07 15.95 12.899 9.157 0 0 7.1 7.14 1.75 0.04 0.91 4.46 10.06 
7A 40-60 0.91 62.92 36.17 18.61 11.861 8.588 0 0 6.42 7.28 1.79 0.04 0.9 4.57 10.25 
7A 40-60 1.04 62.77 36.19 18.61 11.924 8.271 0 0 6.41 7.28 1.79 0.03 0.9 4.56 10.25 
7A 40-60 1.22 65.89 32.88 16.29 12.912 9.61 0 0 7.13 7.13 1.77 0.06 0.9 4.48 10.12 
7A 40-60 - Average 1.06 63.86 35.08 17.84 12.233 8.867 0 0 6.65 7.23 1.78 0.04 0.9 4.54 10.21 
7A 60-80 0 60.43 39.57 18.22 7.862 7.669 0 0 5.12 7.61 1.44 0.08 0.94 5.43 10.09 
7A 60-80 0.01 60.37 39.62 18.26 7.872 7.73 0 0 5.12 7.61 1.44 0.08 0.94 5.43 10.09 
7A 60-80 0.04 62.39 37.57 17.91 8.803 8.311 0 0 5.49 7.51 1.52 0.08 0.95 5.19 10.13 
7A 60-80 - Average 0.02 61.06 38.92 18.13 8.179 7.873 0 0 5.24 7.58 1.46 0.08 0.94 5.34 10.1 
7A 80-100 0.07 59.75 40.18 19.29 8.311 7.375 0 0 5.13 7.61 1.51 0.06 0.95 5.26 10.19 
7A 80-100 0.04 59.77 40.18 19.3 8.304 7.407 0 0 5.13 7.61 1.51 0.06 0.95 5.26 10.19 
7A 80-100 0.05 59.71 40.24 19.31 8.283 7.259 0 0 5.12 7.61 1.51 0.06 0.95 5.26 10.19 
7A 80-100 - Average 0.05 59.75 40.2 19.3 8.299 7.348 0 0 5.13 7.61 1.51 0.06 0.95 5.26 10.19 
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Z4A 0-10 14.17 67.33 18.5 9.53 37.434 20.728 253.84 0 14.57 6.1 2.1 0.08 1.07 2.62 9.76 
Z4A 0-10 13.83 67.56 18.6 9.58 36.877 20.692 257.32 0 14.4 6.12 2.09 0.08 1.07 2.65 9.77 
Z4A 0-10 13.87 67.51 18.62 9.59 36.287 20.492 243.63 0 14.41 6.12 2.08 0.09 1.06 2.73 9.77 
Z4A 0-10 - Average 13.96 67.47 18.58 9.57 36.866 20.637 252.42 0 14.46 6.11 2.09 0.08 1.07 2.67 9.76 
Z4A 10-20 12.97 62.69 24.34 12.71 158.554 14.225 1246.34 0 11.02 6.5 2.62 -0.13 1.53 -0.37 10 
Z4A 10-20 3.84 69.23 26.93 14.07 19.869 14.085 266.58 0 8.68 6.85 1.82 0.15 0.95 4.17 10.08 
Z4A 10-20 12.06 63.34 24.6 12.86 150.98 14.05 1320.75 0 10.69 6.55 2.61 -0.13 1.55 -0.38 10.01 
Z4A 10-20 - Average 9.62 65.09 25.29 13.21 109.801 14.119 1280.15 0 9.95 6.65 2.54 -0.11 1.56 -0.14 10.03 
Z4A 20-30 18.16 54.43 27.4 13.95 235.265 12.333 1297.46 0 27.55 5.18 3.75 -0.41 1.37 -0.55 10.01 
Z4A 20-30 13.08 57.8 29.12 14.87 166.346 12.216 1239.93 0 9.58 6.71 2.67 -0.19 1.47 -0.39 10.06 
Z4A 20-30 15.5 56.26 28.25 14.41 196.625 12.203 1235.71 0 10.78 6.54 2.77 -0.21 1.42 -0.46 10.04 
Z4A 20-30 - Average 15.58 56.16 28.26 14.41 199.412 12.248 1258.6 0 10.83 6.53 2.77 -0.21 1.42 -0.48 10.04 
Z4A 30-40 15.79 55.08 29.12 14.96 203.378 12.721 1289.78 0 10.78 6.53 2.81 -0.22 1.4 -0.5 10.07 
Z4A 30-40 16.08 54.93 28.98 14.89 205.396 12.742 1290.56 0 11.07 6.5 2.83 -0.23 1.39 -0.5 10.07 
Z4A 30-40 16.28 57.21 26.5 13.21 176.707 13.658 1302.02 240.77 11.99 6.38 2.78 -0.21 1.4 -0.43 9.95 
Z4A 30-40 - Average 16.05 55.74 28.2 14.35 195.16 13.044 1293.69 0 11.28 6.47 2.81 -0.22 1.4 -0.48 10.03 
Z4A 40-60 15.18 56.95 27.87 13.61 197.81 12.351 1292.27 0 10.65 6.55 2.72 -0.22 1.46 -0.49 9.94 
Z4A 40-60 16.09 56.38 27.53 13.45 208.245 12.308 1291.23 0 11.46 6.45 2.78 -0.24 1.44 -0.5 9.93 
Z4A 40-60 16.88 55.88 27.24 13.3 218.288 12.352 1288.37 0 26.32 5.25 3.67 -0.42 1.42 -0.52 9.92 
Z4A 40-60 - Average 16.05 56.4 27.55 13.45 208.115 12.337 1290.57 0 11.42 6.45 2.78 -0.24 1.44 -0.5 9.93 
Z4A 60-80 20.47 53.98 25.55 12.08 269.585 1338.65 10.94 0 29.79 5.07 3.74 -0.45 1.41 -0.61 9.83 
Z4A 60-80 20.01 54.27 25.71 12.16 263.421 10.895 1339.23 0 29.41 5.09 3.74 -0.45 1.43 -0.6 9.84 
Z4A 60-80 18.4 55.36 26.24 12.43 237.792 10.92 1272.89 0 27.87 5.17 3.7 -0.45 1.48 -0.54 9.86 
Z4A 60-80 - Average 19.63 54.54 25.84 12.22 256.933 10.917 1318.74 0 29.05 5.11 3.73 -0.45 1.44 -0.58 9.84 
Z4A 80-100 10.89 60.42 28.69 13.42 141.568 10.697 1222.34 0 8.42 6.89 2.48 -0.2 1.69 -0.3 9.9 
Z4A 80-100 13.58 58.6 27.82 13.02 140.821 10.648 1269.97 287.95 9.35 6.74 2.55 -0.22 1.62 -0.25 9.88 
Z4A 80-100 12.54 59.33 28.13 13.18 165.981 10.652 1284 0 8.94 6.81 2.54 -0.22 1.67 -0.41 9.89 
Z4A 80-100 - Average 12.33 59.45 28.21 13.21 149.457 10.666 1257.72 0 8.86 6.82 2.52 -0.21 1.66 -0.33 9.89 
Z7B 0-10 17.65 65.6 16.75 8.62 137.453 19.815 1310.31 231.39 16.76 5.9 2.56 -0.1 1.51 -0.25 9.66 
Z7B 0-10 18.1 65.21 16.69 8.59 141.334 19.72 1297.52 249.08 17.08 5.87 2.58 -0.11 1.49 -0.24 9.66 
Z7B 0-10 16.84 66.18 16.98 8.75 124.447 19.52 1284.18 247.28 16.17 5.95 2.53 -0.09 1.5 -0.12 9.68 
Z7B 0-10 - Average 17.53 65.66 16.81 8.65 134.411 19.683 1298.42 242.57 16.65 5.91 2.56 -0.1 1.5 -0.21 9.66 
Z7B 10-20 13.3 67.23 19.47 10.08 169.28 15.792 1309.9 0 12.79 6.29 2.53 -0.11 1.69 -0.42 9.8 
Z7B 10-20 15.18 65.75 19.07 9.87 192.35 15.807 1297.68 0 13.76 6.18 2.58 -0.13 1.65 -0.47 9.78 
Z7B 10-20 17.73 63.79 18.48 9.56 225.362 15.872 1299.43 0 34.14 4.87 3.53 -0.37 1.59 -0.53 9.75 
Z7B 10-20 - Average 15.4 65.59 19.01 9.84 195.664 15.823 1301.89 0 13.92 6.17 2.59 -0.14 1.65 -0.48 9.78 
Z7B 20-30 18.76 54.64 26.6 14.2 235.879 10.788 1287.01 0 27.61 5.18 3.76 -0.4 1.35 -0.54 10.07 
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Z7B 20-30 21.57 52.69 25.74 13.74 272.855 1283.765 10.78 0 29.95 5.06 3.8 -0.4 1.27 -0.59 10.04 
Z7B 20-30 19.96 53.8 26.24 14.01 247.594 10.749 1279.25 0 28.43 5.14 3.77 -0.4 1.31 -0.55 10.06 
Z7B 20-30 - Average 20.09 53.71 26.19 13.98 252.109 1283.355 10.77 0 28.73 5.12 3.78 -0.4 1.31 -0.56 10.06 
Z7B 30-40 18.03 55.01 26.96 13.8 226.382 11.071 1272.6 0 26.9 5.22 3.71 -0.41 1.36 -0.52 9.99 
Z7B 30-40 17.41 55.42 27.16 13.92 222.032 11.011 1284.11 0 26.54 5.24 3.71 -0.41 1.38 -0.52 10 
Z7B 30-40 17.05 55.63 27.32 14.01 209.372 11.02 1225 0 25.09 5.32 3.65 -0.41 1.38 -0.47 10.01 
Z7B 30-40 - Average 17.5 55.35 27.15 13.91 219.262 11.033 1259.83 0 26.27 5.25 3.69 -0.41 1.37 -0.5 10 
Z7B 40-60 19.67 51.58 28.75 13.18 251.769 7.687 1272.41 0 26.49 5.24 3.74 -0.49 1.4 -0.56 9.87 
Z7B 40-60 19.69 51.01 29.3 13.48 244.709 7.387 1209.21 0 25.83 5.27 3.73 -0.49 1.39 -0.52 9.89 
Z7B 40-60 23.42 48.52 28.05 12.93 258.086 7.179 1256.09 268.4 26.89 5.22 3.72 -0.48 1.17 -0.54 9.86 
Z7B 40-60 - Average 20.93 50.37 28.7 13.2 251.521 7.434 1244.49 268.26 26.39 5.24 3.73 -0.49 1.32 -0.54 9.87 
Z7B 60-80 20.64 50.67 28.69 12.82 268.281 7.754 1314.63 0 26.84 5.22 3.76 -0.51 1.49 -0.6 9.85 
Z7B 60-80 21.78 48.73 29.49 14.31 282.809 1317.754 7.71 0 26.84 5.22 3.83 -0.48 1.33 -0.61 10.01 
Z7B 60-80 20.51 49.51 29.98 14.56 260.057 7.699 1248.99 0 25.78 5.28 3.8 -0.49 1.4 -0.56 10.02 
Z7B 60-80 - Average 20.97 49.64 29.39 13.9 270.382 7.723 1294.11 0 26.49 5.24 3.8 -0.49 1.41 -0.59 9.96 
Z7B 80-100 22.79 51.68 25.53 13.07 300.621 1402.98 8.9 0 31.28 5 3.83 -0.41 1.22 -0.66 10.03 
Z7B 80-100 21.51 54.04 24.46 11.65 279.694 1337.117 8.78 0 31.11 5.01 3.74 -0.43 1.29 -0.61 9.86 
Z7B 80-100 22.2 52.03 25.77 13.2 292.029 1402.853 8.76 0 30.79 5.02 3.82 -0.41 1.24 -0.65 10.04 
Z7B 80-100 - Average 22.16 52.58 25.25 12.64 290.781 1381.541 8.81 0 31.07 5.01 3.8 -0.42 1.25 -0.64 9.98 
CE3 0-10 24.5 61.17 14.34 7.35 191.653 33.685 1309.97 0 24.13 5.37 2.71 -0.1 1.38 -0.44 9.46 
CE3 0-10 24.72 60.98 14.31 7.34 189.042 33.623 1311.62 0 24.13 5.37 2.7 -0.09 1.37 -0.44 9.46 
CE3 0-10 26.16 57.41 16.43 8.94 184.579 34.208 1302.74 0 23.59 5.41 2.84 -0.08 1.28 -0.41 9.73 
CE3 0-10 - Average 25.13 59.85 15.02 7.88 188.425 33.8 1308.27 0 24 5.38 2.76 -0.09 1.35 -0.43 9.55 
CE3 10-20 27.06 54.06 18.88 10.14 261.892 1302.697 22.93 242.32 39.01 4.68 3.61 -0.28 1.12 -0.56 9.81 
CE3 10-20 24.59 55.44 19.97 10.73 237.244 20.795 1310.76 243.56 34.93 4.84 3.58 -0.29 1.23 -0.54 9.87 
CE3 10-20 22.97 56.25 20.78 11.17 216.858 19.434 1315.52 248.64 24.16 5.37 3.24 -0.23 1.27 -0.5 9.9 
CE3 10-20 - Average 24.87 55.25 19.88 10.68 238.665 21.156 1309.3 244.83 35.21 4.83 3.58 -0.29 1.22 -0.54 9.86 
CE3 20-30 25.48 52.37 22.15 12.34 300.711 1446.878 16.81 219.29 36.3 4.78 3.79 -0.31 1.15 -0.67 10.01 
CE3 20-30 27.23 51.19 21.59 12.03 331.964 1494.025 16.96 213.08 38.36 4.7 3.82 -0.31 1.02 -0.71 9.99 
CE3 20-30 28.32 50.44 21.23 11.84 345.202 1494.027 16.97 213.38 39.37 4.67 3.82 -0.3 0.84 -0.72 9.98 
CE3 20-30 - Average 27.01 51.33 21.66 12.07 325.959 1484.786 16.91 215.26 38.01 4.72 3.81 -0.31 1.05 -0.7 9.99 
CE3 30-40 35.21 44.49 20.31 11.11 302.866 1293.175 17.05 301.23 37.84 4.72 3.66 -0.26 0.71 -0.56 9.88 
CE3 30-40 34.61 44.79 20.6 11.27 301.309 1291.563 16.82 310.22 37.1 4.75 3.66 -0.26 0.71 -0.56 9.89 
CE3 30-40 32.22 46.38 21.4 11.71 296.807 1305.264 16.78 3.3 36.19 4.79 3.7 -0.28 0.73 -0.58 9.93 
CE3 30-40 - Average 34.01 45.22 20.77 11.36 300.328 1296.957 16.88 299.03 37.02 4.76 3.67 -0.27 0.72 -0.56 9.9 
CE3 40-60 28.09 49.93 21.98 11.7 369.454 1300.496 15.97 3.45 37.37 4.74 3.8 -0.34 0.56 -0.6 9.89 
CE3 40-60 26.15 51.28 22.57 12.02 344.859 1304.218 15.93 3.45 36.1 4.79 3.8 -0.35 0.57 -0.61 9.92 
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CE3 40-60 25.87 51.5 22.63 12.05 347.226 1342.605 15.88 0 36.12 4.79 3.81 -0.35 0.58 -0.64 9.92 
CE3 40-60 - Average 26.71 50.9 22.39 11.92 353.846 1311.908 15.92 3.46 36.53 4.77 3.8 -0.35 0.57 -0.62 9.91 
CE3 60-80 25.67 49.04 25.29 13.32 281.859 1284.023 13.83 228.02 31.74 4.98 3.79 -0.36 1.02 -0.59 10.02 
CE3 60-80 27.48 47.93 24.59 12.94 283.668 1291.547 13.81 234.53 32.62 4.94 3.77 -0.34 0.83 -0.59 10 
CE3 60-80 27.67 47.84 24.49 12.89 283.087 1290.317 13.73 237.84 32.67 4.94 3.77 -0.34 0.82 -0.59 9.99 
CE3 60-80 - Average 26.94 48.27 24.79 13.05 282.871 1288.622 13.79 233.43 32.33 4.95 3.78 -0.35 0.85 -0.59 10 
CE3 80-100 34.55 42.35 23.1 12.37 364.093 1298.798 10.95 281.25 37.99 4.72 3.82 -0.28 0.58 -0.64 9.99 
CE3 80-100 34.24 42.53 23.23 12.45 360.083 1294.695 10.89 279.45 37.62 4.73 3.82 -0.28 0.58 -0.64 10 
CE3 80-100 27.36 47.43 25.21 13.45 288.178 1286.124 10.98 256.83 32.34 4.95 3.8 -0.34 0.96 -0.59 10.06 
CE3 80-100 - Average 32.05 44.1 23.85 12.76 337.451 1294.271 10.94 272.41 35.88 4.8 3.81 -0.3 0.64 -0.63 10.02 
CE6 0-10 33.06 52.42 14.52 7.92 233.735 26.778 1295.12 207.38 36.15 4.79 3.11 -0.14 1.1 -0.49 9.6 
CE6 0-10 36.08 50 13.91 7.59 278.395 1267.289 26.68 0 51.49 4.28 3.42 -0.19 0.98 -0.55 9.54 
CE6 0-10 37.51 48.89 13.6 7.41 283.557 1264.976 27 211.52 52.9 4.24 3.4 -0.18 0.93 -0.55 9.51 
CE6 0-10 - Average 35.55 50.44 14.01 7.64 265.229 1274.73 26.82 187.34 49.81 4.33 3.39 -0.19 1 -0.53 9.55 
CE6 10-20 37.53 48.11 14.36 7.96 319.129 1273.34 25.39 0 53.83 4.22 3.5 -0.19 0.88 -0.6 9.59 
CE6 10-20 36.6 48.84 14.56 8.07 296.199 1293.248 25.08 229.12 52.12 4.26 3.48 -0.19 0.92 -0.57 9.6 
CE6 10-20 37.81 47.88 14.32 7.94 334.527 1335.841 25.04 0 55.02 4.18 3.52 -0.19 0.87 -0.64 9.58 
CE6 10-20 - Average 37.31 48.28 14.41 7.99 316.618 1300.852 25.17 0 53.69 4.22 3.5 -0.19 0.9 -0.61 9.59 
CE6 20-30 39.16 40.76 20.08 11.42 394.003 1282.158 12.61 31.49 47.44 4.4 3.77 -0.15 0.58 -0.6 9.93 
CE6 20-30 38.78 40.97 20.24 11.51 384.091 1271.94 12.67 0 46.59 4.42 3.77 -0.16 0.58 -0.6 9.93 
CE6 20-30 36.95 42.19 20.86 11.88 364.296 1443.455 12.65 0 44.62 4.49 3.81 -0.19 0.61 -0.7 9.96 
CE6 20-30 - Average 38.3 41.31 20.39 11.6 380.797 1297.247 12.64 0 46.2 4.44 3.79 -0.17 0.59 -0.63 9.94 
CE6 30-40 33.73 44.01 22.26 13.04 331.193 1249.821 15.29 0 38.06 4.72 3.81 -0.24 0.62 -0.61 10.09 
CE6 30-40 32.77 43.37 23.86 14.03 338.229 1337.867 13.07 0 36.01 4.8 3.87 -0.27 0.73 -0.66 10.15 
CE6 30-40 30.02 46.48 23.5 13.46 271.293 1260.908 12.71 0 33.44 4.9 3.76 -0.28 0.94 -0.56 10.09 
CE6 30-40 - Average 32.17 44.62 23.21 13.51 313.572 1285.604 13.54 0 35.91 4.8 3.82 -0.26 0.81 -0.61 10.11 
CE6 40-60 28.4 47.34 24.25 14.39 311.169 1301.686 17.69 2.97 34.23 4.87 3.86 -0.28 0.75 -0.62 10.19 
CE6 40-60 34.77 43.03 22.2 13.17 363.958 1274 17.54 2.98 38.61 4.69 3.84 -0.24 0.6 -0.64 10.12 
CE6 40-60 30.65 45.75 23.6 14.01 313.666 1300.054 17.4 2.99 35.05 4.83 3.84 -0.26 0.72 -0.61 10.17 
CE6 40-60 - Average 31.27 45.38 23.35 13.86 329.598 1291.449 17.54 2.98 35.9 4.8 3.85 -0.26 0.7 -0.62 10.16 
CE6 60-80 23.36 55.68 20.96 11.97 305.473 19.258 1289.16 3.25 36.99 4.76 3.77 -0.3 1.4 -0.62 10.03 
CE6 60-80 23.07 55.86 21.07 12.04 299.699 19.239 1285.95 3.26 36.63 4.77 3.76 -0.3 1.41 -0.61 10.03 
CE6 60-80 20.59 57.65 21.76 12.43 269.949 19.186 1294.45 3.24 34.72 4.85 3.75 -0.31 1.5 -0.59 10.06 
CE6 60-80 - Average 22.34 56.4 21.27 12.15 291.707 19.227 1289.71 3.25 36.13 4.79 3.76 -0.31 1.44 -0.61 10.04 
CE6 80-100 39.32 44.66 16.01 8.91 315.046 20.292 1275.94 327.72 45.7 4.45 3.49 -0.2 0.75 -0.53 9.7 
CE6 80-100 37.48 45.92 16.61 9.25 319.742 1285.595 20.15 317.3 44.86 4.48 3.55 -0.22 0.74 -0.56 9.74 
CE6 80-100 36.47 46.63 16.9 9.42 338.192 1288.003 20.1 298.58 45.49 4.46 3.6 -0.24 0.72 -0.6 9.76 
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CE6 80-100 - Average 37.76 45.74 16.5 9.19 324.327 1283.713 20.18 314.48 45.46 4.46 3.55 -0.22 0.74 -0.57 9.74 
CE10 0-10 62.89 27.79 9.32 4.88 414.069 506.967 18.46 0 127.61 2.97 3.11 0.48 0.76 -0.49 8.93 
CE10 0-10 60.06 29.89 10.06 5.31 368.035 428.386 17.74 0 109.33 3.19 3.11 0.43 0.77 -0.42 9.05 
CE10 0-10 59.3 30.45 10.25 5.41 343.84 395.179 16.83 0 101.66 3.3 3.09 0.42 0.78 -0.38 9.07 
CE10 0-10 - Average 60.75 29.38 9.87 5.2 375.315 429.445 17.64 0 112.87 3.15 3.11 0.44 0.77 -0.44 9.02 
CE10 10-20 20.93 56.74 22.33 11.64 202.78 13.274 1309.26 257.14 21.22 5.56 3.2 -0.27 1.29 -0.47 9.92 
CE10 10-20 30.27 51.6 18.13 9.21 301.113 1285.25 14.47 261.89 41.52 4.59 3.61 -0.3 0.8 -0.58 9.67 
CE10 10-20 24.21 54.46 21.33 11.12 236.948 13.306 1295.95 252.74 32.76 4.93 3.6 -0.32 1.2 -0.53 9.87 
CE10 10-20 - Average 25.14 54.27 20.6 10.66 246.947 1294.372 13.63 257.27 34.57 4.85 3.61 -0.32 1.17 -0.53 9.83 
CE10 20-30 33.31 39.91 26.78 13.64 316.456 1287.014 9.11 292.46 30.76 5.02 3.8 -0.37 0.64 -0.59 9.97 
CE10 20-30 32.11 40.57 27.32 13.92 319.758 1285.872 8.98 278.89 30.41 5.04 3.82 -0.39 0.65 -0.6 9.98 
CE10 20-30 33.51 39.73 26.76 13.66 345.374 1284.944 9.02 275.31 31.72 4.98 3.83 -0.38 0.58 -0.63 9.97 
CE10 20-30 - Average 32.97 40.07 26.95 13.74 327.196 1285.888 9.04 282.22 30.99 5.01 3.82 -0.38 0.64 -0.61 9.97 
CE10 30-40 34.41 39.2 26.39 13.62 329.585 1272.134 9.35 298.8 31.26 5 3.8 -0.37 0.62 -0.6 9.98 
CE10 30-40 31.57 40.88 27.55 14.21 301.561 1279.903 9.29 301.06 29.17 5.1 3.8 -0.39 0.65 -0.57 10.02 
CE10 30-40 33.55 39.67 26.78 13.81 281.193 1279.779 9.27 340.28 28.13 5.15 3.7 -0.36 0.65 -0.51 10 
CE10 30-40 - Average 33.18 39.91 26.91 13.88 304.113 1276.934 9.3 312.82 29.71 5.07 3.78 -0.37 0.64 -0.56 10 
CE10 40-60 36.67 37.24 26.08 13.22 302.294 1272.302 7.44 359.11 29.92 5.06 3.71 -0.35 0.63 -0.52 9.95 
CE10 40-60 0.52 58.26 41.22 22 9.936 7.541 0 0 5.3 7.56 1.74 0.02 0.93 4.77 10.38 
CE10 40-60 0.74 58.12 41.14 22 10.143 7.547 0 0 5.33 7.55 1.76 0.01 0.93 4.72 10.38 
CE10 40-60 - Average 12.65 51.21 36.15 19.07 107.458 7.515 1272.3 359.11 7.66 7.03 2.66 -0.26 1.44 0.16 10.28 
CE10 60-80 0.72 58.32 40.95 21.48 10.304 5.251 0 0 5.42 7.53 1.76 -0.01 0.94 4.68 10.36 
CE10 60-80 0.89 58.32 40.79 21.4 10.496 5.261 0 0 5.47 7.52 1.77 -0.01 0.95 4.64 10.36 
CE10 60-80 0.99 58.14 40.87 21.46 10.509 5.298 0 0 5.45 7.52 1.77 -0.01 0.95 4.63 10.36 
CE10 60-80 - Average 0.87 58.26 40.87 21.45 10.436 5.27 0 0 5.44 7.52 1.77 -0.01 0.95 4.65 10.36 
CE10 80-100 28.05 41.8 30.15 14.66 250.27 4.479 1278.75 306.31 24.31 5.36 3.69 -0.44 0.69 -0.5 10.01 
CE10 80-100 31.28 39.98 28.74 13.97 268.695 4.478 1266.64 317.88 26.32 5.25 3.7 -0.41 0.66 -0.5 9.97 
CE10 80-100 30.08 40.57 29.35 14.28 272.159 4.471 1267.45 297.63 26.44 5.24 3.74 -0.43 0.67 -0.53 9.98 
CE10 80-100 - Average 29.8 40.78 29.41 14.3 263.708 4.476 1270.8 307.25 25.74 5.28 3.71 -0.43 0.67 -0.51 9.99 
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Appendix 4: Soil moisture factors, calculated from air dried soils to oven dried 
soils 
Soil Number Moisture Factor    
Z7B 0-10cm 1.04  CE6 0-10cm 1.04 
Z7B 10-20cm 1.03  CE6 10-20cm 1.03 
Z7B 20-30cm 1.04  CE6 20-30cm 1.03 
Z7B 30-40cm 1.04  CE6 30-40cm 1.03 
Z7B 40-60cm 1.05  CE 40-60cm 1.04 
Z7B 60-80cm 1.05  CE 60-80cm 1.06 
Z7B 80-100cm 1.03  CE 80-100cm 1.05 
     
7A 0-10cm 1.02  CE10 0-10cm 1.04 
7A 10-20cm 1.02  CE10 10-20cm 1.04 
7A 20-30cm 1.03  CE10 20-30cm 1.05 
7A 30-40cm 1.05  CE10 30-40cm 1.04 
7A 40-60cm 1.05  CE10 40-60cm 1.04 
7A 60-80cm 1.05  CE10 60-80cm 1.03 
7A 80-100cm 1.06  CE10 80-100cm 1.04 
     
Z4A 0-10cm 1.04  CE3 0-10cm 1.05 
Z4A 10-20cm 1.04  CE3 10-20cm 1.03 
Z4A 20-30cm 1.06  CE3 20-30cm 1.04 
Z4A 30-40cm 1.06  CE3 30-40cm 1.06 
Z4A 40-60cm 1.06  CE3 40-60cm 1.05 
Z4A 60-80cm 1.06  CE3 60-80cm 1.04 
 
